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The development of membrane properties, firing patterns, and
d oscillations in neurons of the cat dorsal lateral geniculate
nucleus (dLGN) was investigated in vitro during the first 7
postnatal weeks. Compared with adult neurons, the resting
membrane potential was more depolarized at postnatal days
1–9 (P1–P9), the input resistance was higher at P1–P7, and
action potentials had a higher threshold and a smaller ampli-
tude at P1–P3 and a longer duration at P1–P9. At P1–P3 trains
longer than 200 msec were rarely observed, and trains with
more than three action potentials were only present in 41% of
the neurons, whereas at P1–P7 the normalized slope of the
instantaneous frequencies at the first five interspike intervals
was smaller than in the adult. A long-lasting (up to 6 sec)
afterhyperpolarization followed a short train of action potentials
in 88 and 30% of neurons at P1–P3 and P30–P32, respectively,
but it was rarely observed in the adult. The low-threshold Ca21

potential could evoke a burst of action potentials since P1.

However, at P1–P7 the number of action potentials per burst
was smaller (range, one to five), and at P1–P9 their maximum
instantaneous frequency was lower (,190 Hz) than in the adult
(range, six to eight, and 344 Hz, respectively). No d oscillations
were observed until P17, and their frequency (0.36 Hz) was
lower than that in the adult (1.8 Hz). The percentage of neurons
displaying d oscillations and their frequency reached adult val-
ues by the end of the seventh postnatal week, i.e., well after the
maturation of the membrane properties and firing patterns
(second postnatal week). In conclusion, the maturation of the
electrophysiological properties of thalamocortical neurons in
the cat dLGN is completed later than the retinogeniculate axon
segregation (Shatz CJ, 1983), and the immaturity of the oscil-
latory, and not of the burst-firing, activity is a limiting factor in
the development of d waves (Jouvet-Mounier et al., 1970).
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During the first few weeks and months of postnatal life thalamo-
cortical (TC) neurons of the cat undergo major changes in their
morphological and physiological properties. In particular, neu-
rons of the cat dorsal lateral geniculate nucleus (dLGN) have a
small soma (Kalil, 1978) and lack extensive dendrites in the first
postnatal week (Mason, 1983), but a rapid increase in dendritic
arborization (Mason, 1983) and soma size (Garey et al., 1973;
Elgeti et al., 1976; Kalil, 1978; Hickey, 1980) occurs during the
first 2–3 and 4 postnatal weeks, respectively. In addition, in the
first postnatal weeks kitten dLGN neurons show low spontaneous
firing rates, low visual acuity, small amplitude responses to fast
stimuli, and weak surround inhibition, all of which reach adult
characteristics by the second to third months of life (Adrien and

Roffwarg, 1974; Daniels et al., 1978; Ikeda and Tremain, 1978;
Berardi and Morrone, 1984; Tootle and Friedlander, 1986, 1989).

However, except from a developmental study on IT , the low
voltage-activated Ca 21 current underlying the low-threshold
Ca21 potential (LTS) (Pirchio et al., 1990), no information is
available on the postnatal development of the membrane proper-
ties of TC neurons in the cat dLGN (but see Guido and Lo, 1995)
or on their characteristic firing patterns, i.e., the tonic action
potential firing (evoked from membrane potentials positive to
260 mV) and the high-frequency burst firing (evoked by LTSs
produced by depolarizing inputs from membrane potentials neg-
ative to 265 mV) (Deschênes et al., 1984; Jahnsen and Llinás,
1984; Crunelli et al., 1987a). Notwithstanding, developmental
changes in the membrane properties of dLGN neurons have been
investigated in the ferret (White and Sur, 1992; Ramoa and
McCormick, 1994a). The conclusions of these studies, however,
cannot easily be applied to the kitten, because of the different
developmental profile of dLGN neurons in these two species
(Robinson and Dreher, 1990). Furthermore, the postnatal devel-
opment of visual responses in ferret dLGN neurons has not been
investigated, making it impossible to draw any correlation be-
tween the development of membrane properties and of visual
responses.

TC neurons also play an important role in the sleep–wake
cycle. Developmental studies in the cat have shown that slow-
wave sleep and some of its associated rhythms (d waves) appear
during the third postnatal week, and that its relative contribution
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to the sleep–wake cycle is similar to that in the adult by the sixth
postnatal week (Jouvet-Mounier et al., 1970). The d waves have
been suggested to be caused by the synchronization of thalamic d
(pacemaker) oscillations (Steriade et al., 1991, 1993), an activity
that is intrinsic to single TC neurons and results from the inter-
play between IT and Ih (Leresche et al., 1990, 1991; McCormick
and Pape, 1990a,b; Soltesz et al., 1991). Whether developmental
changes in the properties of thalamic d oscillations contribute to
the late onset of slow-wave sleep in the cat, however, has not been
investigated.

In the present study, therefore, we have investigated the devel-
opment of the membrane properties, action potential firing pat-
terns, and d oscillations in TC neurons of the cat dLGN during the
first 7 weeks of postnatal life. A preliminary report of some of
these results has been published (Turner et al., 1993).

MATERIALS AND METHODS
Experiments were performed on slices of the dLGN, prepared from
kittens or cats deeply anesthetized by inhalation of halothane (2%; 2:1
O2 /N2O) as previously described (Crunelli et al., 1987a,b; Pirchio et al.,
1990). Briefly, a wide craniotomy was performed, and the animal was
killed by a coronal section made at the level of the inferior colliculi. From
a brain tissue block, 400–500 mm slices containing the dLGN were
prepared using a Vibroslice (Campden Instruments) and maintained in a
storage bath at room temperature with a continuously oxygenated (95%
O2 , 5% CO2 ) medium of composition (in mM) NaCl 134, KCl 2,
KH2PO4 1.25, CaCl2 2, MgSO4 2, NaHCO3 16, and glucose 10. When
required, slices were transferred to an interface-type bath where they
were continuously superfused with a warm (35 6 1°C), oxygenated (95%
O2 , 5% CO2 ) medium. Recordings did not commence for at least 30 min
after the slices had been transferred from the storage bath.

Experiments on membrane properties and action potential firing pat-
terns were performed using a medium of composition (in mM) NaCl 134,
KCl 1.25, KH2PO4 1.25, CaCl2 2, MgSO4 2, NaHCO3 16, and glucose 10.
To compare the postnatal development of d oscillations with our previous
data in the adult cat (Leresche et al., 1991), these experiments were
performed in a medium of similar composition as the one described
above but with (in mM) 4 CaCl2 , 0.5 MgCl2 , and 3 KCl. When Co 21 or
Cd 21 were added to the perfusion medium, KH2PO4 was omitted, and
MgSO4 was replaced with MgCl2. All drugs were added to the perfusion
medium at known concentrations. Bicuculline methiodide, tetrodotoxin,
atropine, D-tubocurarine, and propranolol were purchased from Sigma
(Poole, UK); 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and DL-2-
amino-5-phosphonovaleric acid (AP5) were from Tocris Neuramin (Bris-
tol, UK). 3-Aminopropyl-(diethoxymethyl)-phosphonic acid (CGP
35348) and phentolamine mesylate were generous gifts from Dr. W.
Froestl (Ciba-Geigy, Basel, Switzerland).

Experiments were often run in parallel, with two electrophysiological
setups involved in the analysis of either the membrane and action
potential firing properties or the d oscillations. Intracellular glass micro-
electrodes (GC 120F; Clark Electromedical Instruments, Pangbourne,
UK) filled with 1 M potassium acetate (resistance, 50–80 MV) were used
to perform current-clamp recordings in TC neurons using an Axoclamp
2A (Axon Instruments) amplifier. The criteria used to identify putative
interneurons, which were excluded from this study, included the presence
of a relatively small inward rectification (Pape and McCormick, 1995),
the absence of outward rectification (Williams et al., 1996), and the
presence of a relatively small (,8 mV) LTS (Pape and McCormick, 1995;
Williams et al., 1996). Data were stored on a DAT Biological tape
recorder (Intracel) and later analyzed using PClamp (Axon Instruments)
and home-developed software.

Statistical analysis was performed using SigmaStat (Jandel Scientific).
If both normality and equivariance assumptions were satisfied, the sta-
tistical differences between the mean of the adult (control) group and the
means of the kitten groups were assessed with parametric tests, i.e.,
one-way ANOVA and Dunnett’s test (Zar, 1984), and the mean 6 SEM
is shown in the scatter plots. If normality and/or equivariance assump-
tions were not satisfied, the statistical differences between the adult
(control) group and kitten groups were tested with nonparametric tests,
i.e., Kruskal–Wallis ANOVA on ranks and Dunn’s test (Zar, 1984). In
this case, the differences between groups were tested globally, and no
comparison between means or medians was performed. Nevertheless, the

median of each group has been inserted in the scatter plots to help the
visual comparison of data from different groups.

RESULTS
All recorded neurons were located in laminae A and A1 of the
dLGN. Impalements of TC neurons from kittens of postnatal days
1–3 (P1–P3) sometimes did not last for more than 5–10 min, or
the quality of the voltage recording could be seen to deteriorate
spontaneously or after large and/or long-lasting current steps.
Extreme care, therefore, was taken in neurons from this age
group to limit the amplitude, duration, and number of positive
and negative current steps injected through the recording elec-
trode, and data from neurons showing any sign of deterioration
were not included in the analysis. Neurons selected for analysis
had stable resting membrane potentials and overshooting action
potentials and did not show spontaneous action potential firing at
resting membrane potential.

Postnatal development of membrane properties and
firing patterns
The postnatal development of the membrane properties and
firing patterns was studied on 91 and 12 neurons from kitten
(P1–P32) and cat dLGN, respectively. For statistical analysis
these neurons were divided into six groups, according to their
postnatal age: P1–P3 (n 5 37), P5–P7 (n 5 25), P9 (n 5 10),
P13–P14 (n 5 9), P30–P32 (n 5 10), and adult (n 5 12). (Note
that no neurons were recorded at P4, P8, P10, P11, and P12). To
avoid contamination by the LTS, all results (except the resting
membrane potential and when stated otherwise) were collected at
the most hyperpolarized membrane potential at which a depolar-
izing current pulse could not evoke an LTS. In our sample of
P1–P32 neurons this membrane potential ranged from 256 to
260 mV, in agreement with a previous study showing that the
steady-state activation and inactivation properties of IT in cat
dLGN neurons do not change during postnatal development
(Pirchio et al., 1990).

Resting membrane properties
The resting membrane potential and apparent input resistance of
neurons from adult cats were similar to those reported in previous
in vitro studies carried out using similar experimental conditions
(Crunelli et al., 1987b; Pape and McCormick, 1995). At P1–P3,
P5–P7, and P9 the resting membrane potential was significantly
more depolarized (about 9 mV) than the one of adult neurons
( p , 0.01 at all ages) (Fig. 1A).

Analysis of the voltage responses evoked by a family of nega-
tive current steps showed that the depolarizing sag typical of
adult TC neurons could be observed in neurons as young as P2
(Fig. 1C). This depolarizing sag, however, was present in only
63% (n 5 23) of P1–P3 neurons, and it did not seem to be as large
and fast as the one in the adult. Voltage responses evoked by a
family of depolarizing current steps indicated the presence of
outward rectification in neurons as young as P2 (Fig. 1C). Steady-
state voltage–current relationships (measured 10–20 msec before
the offset of the current step) confirmed the presence of outward
and inward rectification in young dLGN neurons (Fig. 1D). The
apparent input resistance (calculated from the steepest portion of
the voltage–current relationships that included a point through
the voltage axis) decreased from 218 6 14 MV (n 5 34) at P1–P3
to 147 6 13 MV (n 5 9) at P13–P14 (Fig. 1B), a value similar to
the one in adult neurons (137 6 10, n 5 12). At P1–P3 and P5–P7
the apparent input resistance was significantly larger than in the
adult ( p , 0.01 at both ages). Within each age group no signifi-
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cant correlation was found between resting membrane potential
and input resistance.

Single action potential properties
The properties of the action potentials were studied using single
action potentials evoked in response to relatively small depolar-
izing current steps injected through the recording electrode, and
some representative examples recorded at P2, P6, P9, and in the
adult are shown in Figure 2A. Overall, action potentials of

younger neurons were smaller in amplitude and longer in dura-
tion than older or adult neurons. Changes in threshold and
amplitude (measured from threshold) (Fig. 2C,D) occurred from
P1–P3 to P5–P7, with the threshold decreasing from 233 6 1
(n 5 21) to 237 6 1 (n 5 16) mV and with the amplitude
increasing from 42 6 1 (n 5 22) to 50 6 2 (n 5 16) mV. Both
threshold and amplitude were significantly different from those of
adult neurons only at P1–P3 ( p , 0.01 and 0.01, respectively).

Figure 1. Developmental changes in resting membrane properties. A, B, Scatter plots show age-related changes in resting membrane potential and
apparent input resistance, respectively. Small open circles represent raw data. Large open circles and bars represent mean 6 SEM. The resting membrane
potential at P1–P3, P5–P7, and P9 was significantly more depolarized than in the adult ( p , 0.01 for the three ages). The apparent input resistance at
P1–P3 and P5–P7 was significantly larger than in the adult ( p , 0.01 for both ages). C, Examples of voltage responses to current pulse injection at P2
and in the adult. Note the presence of a depolarizing sag in the adult and in the P2 neurons. The membrane potentials were 254, 256, and 258 mV
(lef t to right). D, Steady state voltage–current relationships calculated from the records illustrated in C. Note the rectification in both depolarized and
hyperpolarized directions.
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Figure 2. Developmental changes in single action potential properties. A, Examples of typical action potentials at P2, P6, and P9 and in the adult. The
voltage recordings were shifted vertically to align the action potential thresholds (dashed lines). Note the progressive, age-related increase in amplitude
and the concomitant reduction in duration. B–E, Scatter plots showing age-related changes in threshold, amplitude (measured from threshold), duration
at threshold, and duration at half-amplitude, respectively. Small open circles represent raw data. Large open circles and bars represent mean 6 SEM. Large
diamonds represent median values. Note the large scatter of data on the action potential duration at P1–P9. The threshold and amplitude at P1–P3 were
significantly different from the adult ( p , 0.01 for both), whereas median values of the duration both at threshold and half-amplitude at P1–P3, P5–P7,
and P9 were significantly longer than in the adult ( p , 0.001, 0.001, and 0.005, respectively).

Pirchio et al. • Development of dLGN Membrane Properties J. Neurosci., July 15, 1997, 17(14):5428–5444 5431



Changes in duration (Fig. 2D,E) occurred from P1–P3 to P13–
P14, with the duration at threshold decreasing from 2.25 (n 5 22)
to 1.6 (n 5 16) msec (both median values) and the duration at
half-amplitude decreasing from about 1.2 (n 5 22) to 0.8 (n 5 16)
msec (both median values). At P1–P3, P5–P7, and P9, the dura-
tion (measured at threshold and at half amplitude) was signifi-
cantly longer than in the adult ( p , 0.001, 0.001, and 0.005,
respectively). It is important to note that the difference between
resting membrane potential and action potential threshold re-
mained relatively unchanged at around 20–25 mV from P1 to
adulthood. Within each age group no significant correlation was
found between the resting membrane potential and action poten-
tial threshold, amplitude, duration at threshold, and duration at
half-amplitude or between input resistance and the same action
potential parameters.

Tonic firing properties
To study the properties of tonic action potential firing, trains of
action potentials were evoked in response to depolarizing current
steps of increasing amplitude. The duration of the pulses ranged
from 400 to 1200 msec, although shorter (200–350 msec) and
longer (up to 10 sec) durations were sometimes used in P1–P3
neurons and in the adult, respectively. Our findings on the tonic
firing can be summarized into three main points.

First, trains of action potentials could be evoked with difficul-
ties in neurons from young kittens (i.e., P1–P9) (Figs. 3, 4). In

particular, at P1–P3 trains of more than three action potentials
were obtained in only 9 (41%) of 22 neurons, and trains longer
than 200 msec were observed in only 2 (9%) of 22 neurons. In
addition, an increase in the amplitude of the depolarizing step did
not often generate an action potential but a slow depolarizing
potential (3–10 mV) that, on a further increase in the size of the
step, would then evoke a large action potential (Fig. 3). At P5–P9
trains of longer duration could be evoked, and the firing often
consisted of groups of two to five action potentials separated by
periods of slow subthreshold oscillation of the membrane poten-
tial (Fig. 3). On the contrary, trains of action potentials as long as
the depolarizing current steps (up to 10 sec) were present in the
majority of neurons from P15 onward and in all adult neurons
(n 5 9). Note that at all postnatal ages an increase in the
amplitude of the depolarizing current step decreased the latency
of the first action potential (Fig. 4).

Second, at all postnatal ages the instantaneous firing frequency
in each train was not constant but was highest at the first to third
interspike interval (ISI) and then progressively decreased (Figs. 4,
5). This decrease in frequency, however, was not similar at all
postnatal ages, as it can be seen in Figure 5A, where the instan-
taneous firing frequencies calculated from the tonic firing shown
in Figure 4 have been plotted against the ISI rank. In the P1–P3
neurons generating trains of at least three action potentials (n 5
14), the highest frequency was always that of the first ISI, with the

Figure 3. Lack of long trains of action potentials in young neurons. Examples of voltage responses to depolarizing current pulses (700 msec) in P1 and
P2 neurons show the inability of dLGN neurons to evoke long trains of action potentials at this postnatal age. Note the presence of a slow depolarizing
potential following the last action potential in most of the records. The membrane potentials for the P1 and P2 neurons were 256 and 258 mV,
respectively; the horizontal dashed lines indicate 0 mV. Voltage response to a depolarizing current step (4 sec) shows the presence of groups of two to
five action potentials separated by periods of slow subthreshold oscillation of the membrane potential in a P6 neuron (membrane potential, 241 mV)
but not in the adult neuron.
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frequencies of the following ISIs decreasing rapidly. On the
contrary, in adult neurons the highest frequency could also occur
at the second or third ISI, with the frequency of the following ISIs
decreasing less rapidly than in kitten neurons. In addition, spike
frequency adaptation always occurred in neurons from adult cats,
generally starting from the 10th–15th ISIs (Fig. 5A).

Third, at all postnatal ages the instantaneous firing frequency
at each ISI was found to increase by increasing the amplitude of
the depolarizing current step (Fig. 4). This can be appreciated
better in Figure 5B, where the instantaneous firing frequencies
(calculated from the data in Fig. 4) can be seen to be linearly
related to the amplitude of the depolarizing current step. Fur-
thermore, no significant difference in the slopes of the linear
relationships of the first to fifth ISIs was found between young and
adult neurons (see Fig. 5C for the first ISI for P1–P3 vs adult
neurons). However, within each of the younger groups (i.e.,
P1–P3, P5–P7, and P9) we observed that the slopes of the linear
relationships of the second to fifth ISIs were less steep than that
of the first ISI (Fig. 5B). To quantify this difference, for each
neuron the slopes of the linear relationships of the second to fifth
ISIs were normalized to the slope of the first ISI. The normalized
slopes were then averaged for each age group, and the averaged
slopes were plotted against age (Fig. 5D). In younger neurons the

normalized slopes were usually smaller than 1, i.e., the slopes of
the second to fifth ISIs were smaller than that of the first ISI. In
particular, at P1–P3 the normalized slopes of the second, third
and fourth ISIs were significantly smaller than those of the adult
( p , 0.01, 0.05, and 0.05, respectively). At P5–P7 the normalized
slopes of the third, fourth, and fifth ISIs were significantly smaller
than those of the adult ( p , 0.05, 0.05, and 0.01, respectively),
and at P9 only the normalized slope of the fifth ISI was signifi-
cantly smaller than that of the adult ( p , 0.05).

Burst firing properties
The properties of the LTS-evoked bursts of action potentials were
studied by producing LTS at the break of hyperpolarizing current
steps of increasing amplitude. A burst of action potentials, super-
imposed on an LTS, could be evoked since P1 (Fig. 6). In a
number of neurons (n 5 7 of 30 at P1–P3; n 5 2 of 17 at P5–P7),
however, the second and third action potentials in the burst could
often be much smaller in amplitude than the first (Fig. 6), even
when tonic firing of up to three action potentials, all of similar
amplitude, could be evoked in the same neurons (Fig. 3). Indeed,
by increasing the size of the preceding hyperpolarizing current
pulses, the amplitude of the LTS increased, but no additional

Figure 4. Developmental changes in tonic firing properties. Examples of voltage responses to depolarizing current pulses in P2, P6, and adult neurons.
The durations of the pulses were 400, 1000, and 1000 msec for the P2, P6, and adult neurons, respectively. Trains of action potentials as long as the
duration of the current pulse could not be evoked at P2. The instantaneous firing frequency at the first interspike interval for the P6 and adult neurons
was similar in each row. Nevertheless, the duration of the trains in the P6 neuron was always shorter than in the adult. The membrane potentials for the
P2, P6, and adult neurons were 255, 258, and 259 mV, respectively. Action potential amplitude has been truncated for clarity.
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Figure 5. Developmental changes of the frequency of tonic firing. A, Plots of instantaneous firing frequency versus ISI rank obtained from the voltage
recordings shown in Figure 4. Note the steep decrease in the frequency with increasing ISI rank at P2 and P6 and the spike–frequency adaptation in the
adult. B, Plots of instantaneous firing frequency versus injected current for the same neurons as in Figure 4A. In the two kitten neurons, but not in the
adult, the slopes of the linear relationships of the second to fifth ISIs were less steep than that at the first ISI. C, Plots of instantaneous firing frequency
at the first ISI versus injected current for some P1–P3 (open circles) and adult ( filled circles) neurons. Note the similar range (Figure legend continues)
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action potential was evoked in the burst, whereas the amplitude of
the second action potential would decrease by up to 80% (Fig. 6).

At all postnatal ages an increase in the amplitude of the
hyperpolarizing current step resulted in a decrease of the latency
of the first action potential and in an increase of the number of
action potentials per burst. The maximum number of action
potentials per burst, however, increased with increasing postnatal
age (Figs. 7, 8B) and at P1–P3 and P5–P7 was significantly smaller
than in the adult ( p , 0.001 at both ages).

At all postnatal ages the instantaneous firing frequency at
each ISI was found to increase by increasing the amplitude of
the hyperpolarizing current step (Fig. 7). This can be appre-

ciated better in Figure 8 A, where the instantaneous firing
frequencies calculated from the burst firing shown in Figure 7
have been plotted against the amplitude of the voltage devia-
tions produced by the negative current steps. Small increases in
the voltage deviation resulted in large increases in the instan-
taneous firing frequencies of each ISI, until a maximum fre-
quency was reached. As shown in Figure 8C, however, the
maximum instantaneous firing frequency at P1–P3, P5–P7, and
P9 was significantly smaller than in the adult ( p , 0.01 for all
frequencies at all ages). For instance, the maximum frequency
at the first ISI increased from 160 6 14 Hz in P1–P3 neurons
to 344 6 18 Hz in adult neurons.

4

of the current pulse amplitudes and the instantaneous firing frequencies obtained. D, Plots showing age-related changes in the normalized slopes (Slope
ratio). Each point represents the mean 6 SEM (error bars) of six, nine, three, four, four, and nine neurons at P1–P3, P5–P7, P9, P13–P14, P30–P32, and
the adult, respectively. At P1–P3 and P5–P7 the normalized slopes were generally ,1 and smaller than in the adult. At P1–P3 the normalized slopes of
the second, third, and fourth ISIs were significantly smaller than in the adult ( p , 0.01, 0.05, and 0.05, respectively). At P5–P7 the normalized slopes
of the third, fourth, and fifth ISIs were significantly smaller than in the adult ( p , 0.05, 0.05, and 0.01, respectively). At P9 the normalized slopes of the
fifth ISI were significantly smaller than in the adult ( p , 0.05).

Figure 6. Lack of strong burst firing in young neurons. Examples of voltage recordings obtained at the break of hyperpolarizing current steps in P1 and
P2 neurons (same neurons for which tonic firing is shown in Fig. 3). The durations of the current steps were 700 and 1000 msec for the P1 and P2 neurons,
respectively. Note how by increasing the size of the preceding hyperpolarizing pulse the amplitude of the second and third action potentials in the burst
is markedly reduced. Horizontal dashed lines indicate 0 mV.
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Long-lasting afterhyperpolarization

In young neurons a long-lasting afterhyperpolarization (AHP)
was often observed after a short train of action potentials (Fig.
9A). This AHP was dependent on the amplitude (Fig. 9C) and
duration (Fig. 9D) of the preceding depolarizing current step,
could reach a duration of up to 6 sec and an amplitude of up to 25
mV, and was sensitive to tetrodotoxin (n 5 4) and insensitive to
excitatory and inhibitory amino acid antagonists (see Materials
and Methods) (n 5 8). The percentage of neurons exhibiting the
long-lasting AHP decreased with increasing postnatal age (Fig.
9B); at P1–P9 the long-lasting AHP was observed in 34 of 39
neurons but in only 1 of 12 adult neurons. In the other adult
neurons a long-lasting AHP could not be observed even after a

very long train of action potentials. It was not possible to measure
the reversal potential of the long-lasting AHP, because the am-
plitude of the AHP progressively increased when measured from
holding potentials between 275 and 290 mV (Fig. 9E), probably
because of a contamination by Ih at these membrane potentials
(cf. McCormick and Pape, 1990a; Soltesz et al., 1991). Indeed,
application of Cs1 (2 mM) (n 5 2, P1 and P3), which is known
to block Ih in thalamic neurons (McCormick and Pape, 1990a;
Soltesz et al., 1991), had no effect on the AHP at membrane
potentials positive to 260 mV but reduced its amplitude (44 and
57%) and duration at more negative potentials. The amplitude of
the long-lasting AHP was also decreased by addition of Cd21

(64%, n 5 1, P9) or Co 21 (54 and 85%, n 5 2, both P7) to the
perfusion medium.

Figure 7. Developmental changes in
burst firing properties. Examples of volt-
age recordings obtained at the break of
hyperpolarizing current steps (800 msec
duration) in P6, P9, and adult neurons.
In each neuron, by increasing the ampli-
tude of the hyperpolarizing current
pulse both the number of action poten-
tials per burst and the firing frequencies
increased. However, more action poten-
tials per burst and higher frequencies
could be obtained in the adult than in
the P2 and P9 neurons. Action potential
amplitude has been truncated for clarity.
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Postnatal development of d oscillations
The postnatal development of d (or pacemaker) oscillations was
investigated on a total of 142 dLGN neurons from P2 to P49
kittens perfused with a different medium than the one used to
study the membrane properties and firing patterns (see Materials
and Methods). In each of these neurons the voltage range be-
tween 240 and 280 mV was carefully examined before drawing
any conclusion on the presence or properties of any oscillatory
activity. According to the pattern of spontaneous oscillations

observed, these 142 neurons were then classified as neurons
displaying: (1) d oscillations (n 5 20), (2) intermittent d oscilla-
tions (n 5 17), (3) irregular oscillations (n 5 25), and (4) no
oscillations (n 5 80).

Neurons displaying d oscillations
This group includes neurons capable of producing d oscillations
(Fig. 10C) with properties similar to those described previously
(Leresche et al., 1990, 1991; McCormick and Pape, 1990a,b; Soltesz

Figure 8. Developmental changes in the number and frequency of action potentials in a burst. A, Plots of instantaneous firing frequency versus amplitude
of the preceding voltage deviation calculated from the same neurons as in Figure 7. Each point is the mean of one to eight measurements. B, Scatter
plot showing age-related changes in the maximum number of action potentials per burst. Small open circles represent raw data. Large diamonds represent
median values. The maximum number of action potentials per burst at P1–P3 and P5–P7 was significantly smaller than in the adult ( p , 0.001 for both
ages). C, Plots showing age-related changes in maximum instantaneous firing frequency. Each point represents mean 6 SEM (error bars) for 20, 14, 7,
6, 8, and 10 neurons at P1–P3, P5–P7, P9, P13–P14, P30–P32, and the adult, respectively. Maximum instantaneous firing frequencies at P1–P3, P5–P7,
and P9 were significantly smaller than in the adult ( p , 0.01 for all).
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et al., 1991). Briefly, d oscillations were voltage-dependent, were
only observed in the range of membrane potentials between 260
and 280 mV, and occurred for as long as the intracellular record-
ing lasted. The frequency of the d oscillations was very regular in a
given neuron, except for the characteristic, relatively small increase

in frequency that was present at the upper limit of the voltage
region of existence, a finding similar to previously reported obser-
vations in the adult (cf. Leresche et al., 1991; Antal et al., 1996).
This result can be better appreciated in Figure 10C1,C2, where the
d oscillation recorded in the same neuron at the upper and lower

Figure 9. A long-lasting AHP is present in young neurons. A, Examples of voltage recordings showing the presence of a long-lasting AHP at P3 after
only one to three action potentials and its absence in the adult even after 12 action potentials. Membrane potential was 258 mV for both neurons. B,
Plot showing age-related changes in the percentage of neurons exhibiting the long-lasting AHP. The numbers of neurons tested were 7, 23, 22, 4, 7, and
12 at P1–P3, P5–P7, P9, P13–P14, P30–P32, and the adult, respectively. C, D, Examples of voltage recordings from P5 and P7 neurons, respectively, show
that an increase in the amplitude or the duration, respectively, of the depolarizing current pulse resulted in an increase of both the duration and the
amplitude of the long-lasting AHP. E, Examples of voltage recordings from a P9 neuron show the voltage dependence of the long-lasting AHP. Action
potential amplitude has been truncated for clarity.
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Figure 10. Postnatal development of intrinsic oscillations
in dLGN neurons. A–C, Voltage recordings show the three
main types of intrinsic oscillatory activity that were distin-
guished in kitten dLGN neurons. The histogram on the right
side of each recording shows the corresponding distribution
of inter-LTS frequency: note the presence of two clear
peaks in B (see text for further details). Records in C1 and
C2 were obtained in the same neuron at the upper and lower
limits of the voltage region of existence of the d oscillations,
respectively, and show the extent of their frequency change
within a neuron. D, Age-related distribution of the intrinsic
oscillatory activity. Data for the adult have been taken from
experiments performed under similar conditions (Leresche
et al., 1991). Note that at P42–P49 the percentage of neu-
rons displaying intermittent d oscillations or d oscillations is
similar to the one in the adult.
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limits of its region of existence is shown together with the corre-
sponding frequency histograms.

Neurons displaying intermittent d oscillations
These neurons displayed d oscillations with properties similar to
those of the previous group, except that they occurred in discrete
periods separated by periods when the neuron was silent (Fig.
10B; cf. spindle-like oscillations in Leresche et al., 1991). The
intermittent d oscillation is intrinsic to TC neurons (Leresche et
al., 1991) and possess a “waxing and waning” of the membrane
potential similar to the sleep spindles, which are, however, syn-
aptically generated (Steriade et al., 1993). The frequency histo-
gram of the intermittent d oscillation had two peaks (Fig. 10B);
the one on the right is the peak of the inter-LTS frequency during
the period of activity, whereas the one on the left is the peak of
the inter-LTS frequency between the last LTS of each period of
activity and the first LTS of the next period of activity.

Neurons displaying irregular oscillations
These neurons could generate spontaneous LTSs only for discrete
periods and not at a constant frequency (Fig. 10A). In these
neurons, therefore, the inter-LTS intervals were randomly dis-
tributed (Fig. 10A).

Neurons displaying no oscillations
Some of these neurons (n 5 17) were silent for most of the
recording period, although groups of one to three LTSs could
sometimes be observed. The other neurons (n 5 63) never
showed a spontaneous LTS, although these potentials could be
evoked easily, for instance, at the end of negative current steps.

The d and intermittent d oscillations were insensitive to tetro-
dotoxin (n 5 7 and 4, respectively) and to blockade of NMDA
(n 5 10 and 10), non-NMDA (n 5 10 and 10), GABAA (n 5 10
and 10), GABAB (n 5 10 and 10), and cholinergic receptors (n 5
5 and 3), as well as of a- and b-adrenoceptors (n 5 5 and 3) by 100
mM AP5, 20 mM CNQX, 50 mM bicuculline, 300 mM CGP 35348, 50
mM atropine, 100 mM tubocurarine, 50 mM phentolamine, and 100
mM propranolol, respectively.

The postnatal age distribution profile of the neurons showing
these four types of spontaneous oscillations is shown in Figure
10D. At P2–P15 only neurons displaying no oscillations were
found, whereas irregular oscillations, intermittent d oscillations,
and d oscillations appeared for the first time in neurons of P17,
P20, and P17, respectively. During the subsequent weeks, al-
though the percentages of neurons displaying no oscillations or
irregular oscillations decreased, the percentage of neurons dis-
playing intermittent d oscillations or d oscillations increased, until
at P42–P49 percentages similar to those observed in the adult
dLGN under the same experimental conditions (Leresche et al.,
1991) were found.

The frequency of d oscillations, calculated from cumulative
frequency plots, was lower in young than in adult neurons. Com-
parison of the d oscillations from the three neurons of different
age shown in Figure 11 shows that the lowest frequency is present
in the P17 neuron, and the highest is in the P49 neuron. Indeed,
a significant correlation (r 5 0.932; p , 0.0001; n 5 20) was found
between the postnatal age and the frequency of the d oscillations
that increased from 0.36 Hz at P17 to 1.64 Hz at P49 (Fig. 11D).
The frequency at P49, therefore, is similar to the frequency of d
oscillations (1.8 6 0.3 Hz) of adult cat dLGN neurons recorded
under the same experimental conditions (Leresche et al., 1991).
Moreover, at any postnatal age the frequency of d oscillations was

similar to the frequency of the oscillations in neurons displaying
intermittent d activity. Note that all the frequency measurements
were performed at the lower voltage limit of existence of the
various oscillatory activities.

Spontaneous synaptic activity
In some of the very young neurons recorded to study the postnatal
development of the membrane properties, spontaneous hyperpo-
larizing potentials (2–15 mV in amplitude) (n 5 5 at P1–P3; n 5 9
at P5–P7) were observed as single events (n 5 4; Fig. 12A) or in
bursts (n 5 10; Fig. 12B). These spontaneous hyperpolarizing
potentials were abolished by addition of 50 mM bicuculline to the
perfusion medium (Fig. 12A) and reversed in polarity at around
270 mV (n 5 4), indicating that they were spontaneous GABAA

receptor-mediated IPSPs. Spontaneous EPSPs were not observed.

DISCUSSION
The main findings of this investigation are: (1) the membrane
properties of kitten dLGN neurons progressively mature, reach-
ing values similar to those in the adult before P13–P14, except the
long-lasting AHP, which is still present at P30–P32 in about 30%
of the neurons; (2) d oscillations appear at P17, and the percent-
age of neurons showing this intrinsic activity is similar to the one
in the adult by P42–P49. Overall, therefore, the membrane prop-
erties mature about 2–5 weeks earlier than the oscillatory
activities.

Postnatal development of membrane properties
In kitten dLGN neurons the resting membrane potential was
more depolarized, the apparent input resistance was larger, and
single action potentials had a higher threshold, smaller amplitude,
and longer duration than those in adult neurons. Significant
differences between young and adult neurons were found at
P1–P3 for the single action potential threshold and amplitude, at
P1–P7 for the apparent input resistance, and at P1–P9 for the
resting membrane potential and the single action potential dura-
tion. A similar developmental profile has been observed in the
ferret dLGN in vitro during P7–P33 (White and Sur, 1992) and
during P0–P34 (Ramoa and McCormick, 1994a). Outward and
inward rectification were present in the voltage–current relation-
ships of TC neurons as young as P2 and seemed to be qualitatively
well developed.

After a train of action potentials a long-lasting AHP was
observed at P1–P32 and rarely in the adult. A similar AHP has
not been observed in ferret dLGN and rat ventrobasal thalamic
neurons in vitro during the first postnatal weeks (White and Sur,
1992; Ramoa and McCormick, 1994a; Velazquez and Carlen,
1996) but is present in rat cortical pyramidal neurons in vitro
during P1–P36 (McCormick and Prince, 1987).

Trains of action potentials could be obtained at all postnatal
ages. However, at P1–P3 trains longer than 200 msec were rarely
observed, and trains with more than three action potentials were
present in only 41% of the neurons, whereas at P1–P7 the instan-
taneous firing frequency during the first five ISIs decreased more
quickly than in the adult. These data, therefore, indicate some
inability of young neurons to sustain relatively long periods of
tonic firing and the presence of a different discharge pattern
between young and adult neurons, despite a similarity in the
instantaneous firing frequency of the first two action potentials in
a train.

Such differences in tonic firing properties have not been found
in ferret dLGN neurons in vitro during the first weeks of postnatal
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life (White and Sur, 1992; Ramoa and McCormick, 1994a). It is
reasonable to argue that this inability of kitten dLGN neurons to
sustain repetitive firing, in particular at the youngest ages, is
related to the presence of a long-lasting AHP, which was present
after only one or two action potentials. On the basis of these
results on the repetitive firing properties and the long-lasting
AHP, we would expect kitten dLGN neurons in vivo to be unable
to generate long trains of action potentials at high frequencies
during the first 2 weeks of postnatal age, both spontaneously and
in response to visual stimulation. Indeed, kitten dLGN neurons in
vivo show very low spontaneous firing rates and low amplitude
responses to flashing spots at P6–P13 (Daniels et al., 1978). At a

very young age, therefore, the immaturity of the intrinsic mem-
brane properties of dLGN neurons strongly contributes to the
immaturity of their spontaneous firing and visual responses.

LTSs with a burst of action potentials could be evoked at all
postnatal ages. At P1–P7, however, the number of action poten-
tials per burst was smaller than in the adult, and at P1–P9 their
instantaneous firing frequency was lower than the one in the
adult. A similar increase in the number of action potentials per
burst has been observed in ferret dLGN neurons in vitro during
the first weeks of postnatal life (Ramoa and McCormick, 1994a).
The reasons for this immaturity, however, seem to be different
between ferret and kitten dLGN neurons. In the ferret dLGN, in

Figure 11. Developmental changes in the properties of d oscillations. A–C, Examples of voltage recordings (top), distribution of inter-LTS intervals
(bottom lef t) and inter-LTSs cumulative curves (bottom right) show the increase in the frequency of d oscillations from P17 to P49. Note the absence of
overlap between the histograms obtained at the three postnatal ages. D, Age-related changes in the frequency of d oscillations. At P17 the frequency of
d oscillations is lower than in the adult and reaches values similar to those in the adult at P42–P49. The single point for the adult is the mean frequency
of the d oscillation recorded under similar conditions (Leresche et al., 1991).
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fact, the maturation of the burst firing properties is accompanied
both by a maturation of the single action potential properties and
by a threefold to fourfold increase in the maximum amplitude of
the LTS (Ramoa and McCormick, 1994a). In the kitten dLGN,
instead, the maturation of the burst firing properties during
P1–P9 is accompanied by the maturation of single action potential
properties and a decrease in the long-lasting AHP, but there is no
change in the LTS amplitude from P4 to adult neurons (Pirchio et
al., 1990). Nevertheless, because no data are available on the
developmental changes in LTS amplitude in cat dLGN neurons
before P4, the possibility that the differences observed in burst
firing properties between P1–P3 and adult neurons could also
depend on differences in LTS amplitude cannot be ruled out. It is
also important to point out that the correlation between LTS
amplitude and number of action potentials per burst is not a
simple one. In fact, although an increase in the amplitude of the
preceding hyperpolarizing step resulted, as expected, in an in-
crease of the LTS amplitude, in 19% of P1–P7 neurons this
increase in LTS amplitude was not accompanied by an increase in
the number of action potentials per burst, and the amplitude of
the second and third action potentials in the burst was reduced,
often markedly. During the first postnatal week, therefore, the
degree of immaturity in the burst firing properties can be over-
estimated when studied with negative current pulses of relatively
large amplitude or long duration.

The threefold increase in the amplitude of IT observed in kitten
dLGN neurons from P4–P7 to P80–P100 (Pirchio et al., 1990) has
been suggested to be simply attributable to the twofold increase
in soma size of cat LGN neurons occurring during the same
postnatal period (Garey et al., 1973; Elgeti et al., 1976; Kalil,
1978; Hickey, 1980; Mason, 1983; Friedlander, 1984), without a
change in channel density. The present results indirectly support
this suggestion. Indeed, although the amplitude of IT doubles
from P10–P13 to P80–P100 (Pirchio et al., 1990), this increase in
amplitude does not correspond to any apparent changes in burst
firing properties, which are already similar to those in the adult by
P13–P14.

Postnatal development of oscillatory activities
The d oscillations were first observed at P17 in only a few dLGN
neurons and with a lower frequency than those in the adult. Both
the percentage of neurons displaying these oscillations and their
frequency reached values similar to those in the adult by P42–P49.
Thus, the time course of the maturation of the membrane prop-
erties and d oscillations is different, with the membrane properties
maturing by P13–P14.

It is unlikely that neurons younger than P42–P49 cannot oscil-
late or oscillate at a lower frequency than those in the adult,
because of a greater damage produced by the microelectrode
impalement (Staley et al., 1992), because, if true, this would have
also affected the other membrane properties. Instead, all other
membrane properties except the long-lasting AHP were already
similar to those of adult neurons by P13–P14. Alternatively, the
inability of young TC neurons to produce d oscillations might be
attributable to an immaturity of IT and/or Ih (McCormick and
Pape, 1990a,b; Soltesz et al., 1991). The amplitude of IT is
significantly smaller at P4–P41 than at P80–P100, but its other
steady state and kinetics properties are already mature by P4
(Pirchio et al., 1990), and the burst firing properties become
similar to those in the adult by P13–P14. Thus, the possibility that
the immaturity of d oscillations between P17 and P49 could
depend on an immaturity of IT is also unlikely. The presence of
inward rectification in the voltage–current relationship of P1–P2
neurons indirectly suggests the presence of Ih , but cannot provide
information on its steady state or kinetics properties. Thus, in the
absence of any developmental study on Ih the possibility remains
that a mismatch between the development of Ih and that of IT

might be responsible for the late appearance of d oscillations.
Last, it is possible that kitten dLGN neurons were prevented from
oscillating by the long-lasting AHP that might have forced a
return of the membrane potential too slow for IT activation.
Indeed, the disappearance of the long-lasting AHP occurs close
to the postnatal age when the percentage of neurons displaying d
oscillations is reaching a value similar to that in the adult. In
addition, the slower frequency of d oscillations in P17–P33 neu-

Figure 12. Spontaneous synaptic activity in kitten
dLGN neurons. A, Voltage recordings show the pres-
ence of spontaneous hyperpolarizing potentials in a
P3 neuron. These potentials were blocked by appli-
cation of 50 mM bicuculline to the perfusion medium.
B, Voltage recording from another P3 neuron shows
the presence of a burst (4 Hz) of inhibitory postsyn-
aptic potentials, similar in waveform but not in fre-
quency to the sleep spindles (Steriade et al., 1993).
Membrane potential was 255 mV in A and B.
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rons might also be related to the long-lasting AHP that is present
at this developmental stage.

In dLGN neurons there is a progressive appearance (from P12
to P31) of high-frequency burst firing during slow-wave sleep but
not during the awake state (Adrien and Roffwarg, 1974). Our
data are in agreement with this result and indicate that the
appearance of high-frequency bursts in slow-wave sleep during
the period P12–P31 is not attributable to a maturation of the burst
firing properties, which are already mature by P13–P14, but rather
to a maturation of the oscillatory properties, which mature later
from P17 to P42. It is also interesting to note that the develop-
mental profile of d oscillations is superimposable to that of
slow-wave sleep, which has been shown to appear in the kitten at
P15–P21 and to reach a structure similar to the one in the adult by
the sixth postnatal week (Jouvet-Mounier et al., 1970). This
suggests that the immaturity of oscillatory properties of dLGN
neurons is a limiting factor in the development of d waves.

Spontaneous synaptic activity
Although this study focused on the development of membrane
properties and d oscillations in dLGN neurons, we believed it was
important to report that spontaneous GABAA receptor-mediated
IPSPs were observed as early as P1. The presence of IPSPs at
such an early postnatal age is in agreement with previous elec-
trophysiological and anatomical investigations. In fact: (1) optic
tract-evoked inhibitory interactions between cat dLGN neurons
in vitro have been detected 6 d before birth (Shatz and Kirkwood,
1984); (2) medial thalamus-evoked IPSPs have been recorded
from P1–P3 cat thalamic neurons in vivo (Thatcher and Purpura,
1973); (3) optic tract-evoked IPSPs have been observed as early
as P7–P9 (White and Sur, 1992) in ferret dLGN neurons in vitro
(but see Ramoa and McCormick, 1994b); and (4) GABAA

receptor-mediated currents have been recorded at P5 in rat so-
matosensory thalamic neurons (Oh et al., 1995). Furthermore,
glutamic acid decarboxylase (Shotwell et al., 1986) and GABA
(Kalil et al., 1985) immunoreactivity has been observed in the cat
dLGN at embryonic day 49 and by the first postnatal week,
respectively.

The role and possibly the site of origin of the GABAA

receptor-mediated IPSPs observed in this study during the first
postnatal week must certainly be different from those that medi-
ate visual inhibition later in development, because the response of
cat dLGN neurons is virtually unaffected by bicuculline at P25–
P32 (Berardi and Morrone, 1984), and their receptive field sur-
round inhibition is still immature at 4–5 weeks of postnatal life
(Tootle and Friedlander, 1986). Indeed, a trophic role for GABA
in early developmental stages has been suggested by several
authors (Wollf et al., 1984; Lauder et al., 1986; LoTurco et al.,
1991).

Physiological implications
The anatomical and morphological maturation of the visual path-
ways of macaques, cats, ferrets, hamsters, rabbits, rats, and mice
occurs according a common timetable when expressed with re-
spect to the cecal period, i.e., the interval between conception and
eye opening (for discussion, see Robinson and Dreher, 1990). Do
the physiological properties of the visual centers of cat and ferret
also develop according to a common timetable when the time of
eye opening (P7 and P31.5 in cat and ferret, respectively) is taken
into account? Because statistical analysis has been used in the cat
(this study) but not in the ferret (White and Sur, 1992; Ramoa
and McCormick, 1994a) to determine the oldest postnatal age at

which significant differences with respect to the adult are present,
a quantitative comparison between the development in the two
species cannot be made. It is reasonable to suggest, however, that
the resting membrane potential, the apparent input resistance,
the single action potential properties, and the burst firing prop-
erties mature ;1 week earlier in cat than in ferret, whereas the
tonic firing matures at least 9 d earlier in ferret than in cat dLGN
neurons. Instead, if the time of eye opening is taken as a refer-
ence, the electrophysiological properties in the ferret are mature
approximately 2 weeks before the time of eye opening (White and
Sur, 1992; Ramoa and McCormick, 1994a), whereas in the cat
they are similar to the adult at, or 1 week later than, the time of
eye opening (this study). The different developmental profile of
the electrophysiological properties of cat and ferret dLGN neu-
rons, therefore, remains even when the time of eye opening is
taken into account.

The maturation of the membrane properties and firing patterns
of dLGN neurons occurs between P5–P7 and P13–P14 and does
not seem, therefore, to be the limiting factor for the development
of their morphological structure and synaptic arrangements
(Garey et al., 1973; Cragg, 1975; Elgeti et al., 1976; Kalil, 1978;
Hickey, 1980; Winfield and Powell, 1980; Winfield et al., 1980;
Mason, 1983; Friedlander, 1984) or of their response to visual
stimuli (Adrien and Roffwarg, 1974; Daniels et al., 1978; Ikeda
and Tremain, 1978; Berardi and Morrone, 1984; Tootle and
Friedlander, 1986, 1989), all of which take place much later.
Moreover, the segregation of dLGN axons into alternating mo-
nocularly innervated patches in the visual cortex (Hubel and
Wiesel, 1963; Shatz et al., 1977; Shatz and Stryker, 1978) is not
apparent before P15 and is complete by P92 (LeVay et al., 1978).
Thus, the maturation of the membrane properties and firing
patterns of cat dLGN neurons precedes the eye-specific segrega-
tion of geniculate axons in the visual cortex (this study), as the
time course of the maturation of the electrophysiological proper-
ties of cat retinal ganglion cells precedes, or is partly superim-
posed on, the eye-specific segregation of retinal axons in the
dLGN (Skaliora et al., 1993; Skaliora et al., 1995). It is also worth
noting that the eye-specific segregation of retinal axons in the
dLGN is already complete at birth (Shatz, 1983), i.e., when the
membrane properties and firing patterns of dLGN neurons are
still immature. Thus, the maturity of the electrophysiological
properties of dLGN neurons, that is of neurons postsynaptic to
the retinogeniculate synapse, is not a prerequisite for normal
retinogeniculate axon segregation.
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