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The retinocollicular pathway undergoes activity-dependent re-
finement during postnatal development, which results in the
precise retinotopic order seen in adults. This process is NMDA-
and nitric oxide-dependent. Recent studies have shown that
L-type Ca21 channels may also play a role in synaptic plasticity,
but such channel activity has not previously been reported in
the developing superior colliculus (SC). Here we report the
presence of a postsynaptic plateau potential mediated by
L-type Ca21 channels using whole-cell current clamp of the SC
in an isolated brainstem preparation of rats. Seventy percent of
SC neurons showed these potentials as early as postnatal day
0 (P0)–P2. The potential was blocked by nitrendipine and/or

APV and facilitated by bicuculline, showing that the channel is
activated by NMDA receptor-mediated EPSPs and deactivated
by GABAA receptor-mediated IPSPs. Blockade of L-type Ca21

channels also diminished long-term depression, which we
could induce in the retinocollicular pathway in neonatal ani-
mals. The incidence of plateau potentials decreased to 39% of
neurons by P10–P14, suggesting that L-type calcium channels
may contribute to retinocollicular pathway refinement in the
developing SC.
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It is well established that the pathway from the retina to the
superior colliculus of rodents undergoes activity-dependent mod-
ifications to produce a topographically organized map of visual
space in the adult (Simon and O’Leary, 1992). The NMDA
glutamate receptor is involved in this process because blockade of
the receptor disrupts the refinement of contralateral retinocol-
licular axons in rat superior colliculus (SC) (Simon et al., 1992).
Recently, it also has been shown that refinement of the ipsilateral
retinocollicular pathway is mediated by nitric oxide, because its
retraction is disrupted in knock-out mice in which the endothelial
and neuronal isoforms of nitric oxide synthase have been deleted
(Wu et al., 1999). This refinement appears not to be mediated by
the NMDA receptor, because a noncompetitive inhibitor, MK-
801, does not prevent refinement of the pathway (Davis et al.,
2000).

Recent studies have demonstrated that voltage-gated calcium
channels are an alternative source of Ca21 influx involved in
synaptic plasticity. Thus, there are NMDA-independent forms of
long-term potentiation (LTP; for review, see Johnston et al.,
1992), which can be mediated by L-type Ca21 channels (Grover
and Teyler, 1990, 1992; Cavus and Teyler, 1996; Kurotani et al.,
1996; Kapur et al., 1998). These channels could also be respon-
sible for the Ca21 influx required to release nitric oxide (Garth-

waite, 1991). In the present study, we have examined whether
L-type calcium channel activity is present in the neonatal rodent
superior colliculus and whether the onset and development of this
activity corresponds to the period of retinocollicular pathway
refinement.

MATERIALS AND METHODS
Sprague Dawley rat pups ranging in age from postnatal day 0 (P0) to P14
were anesthetized with Fluothane (Halothane) and killed by decapita-
tion. The brain was removed and immersed in an artificial CSF (ACSF)
bubbled with 95% O2 and 5% CO2, and an in vitro-isolated brainstem was
prepared (Xia and Lo, 1996; Lo and Mize, 1999). The brain was cut
along the midline and glued onto a piece of silver plate. Using a
dissection microscope, the lateral surface of the thalamus was exposed by
gently removing the forebrain. This “isolated brainstem” was then placed
into a submerged-type recording chamber perfused with ACSF of 28°C
at a rate of 4–5 ml/min. Experiments began after 1 hr of incubation.
Whole-cell patch recordings were performed with patch electrodes filled
with a potassium-based solution (7–10 MV). The formation of the whole-
cell configuration was indicated by a sudden drop in seal resistance and
a DC drop to 260 mV. After “break-in,” the serial resistance was
completely compensated with the bridge balance of an Axoclamp-2B
amplifier. The junction potential was not corrected in this study. A pair
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of iridium stimulating electrodes (0.5 MV; WPI) were placed on the
surface of the optic tract (OT) to induce postsynaptic potentials by
passing single electrical pulses (0.1–0.3 msec, 50–700 mA). We collected
current-clamp data from neurons in superficial SC (depth , 200 mm) and
measured the amplitude and slope of decay within 200 msec from the
peak of the postsynaptic potential.

We also recorded field potentials (FPs) from superficial SC (depth 5
100 mm) with patch electrodes filled with 1 M NaCl (1–2 MV) to
determine whether long-term changes in synaptic efficacy could be in-
duced in SC. An electrical stimulus was applied every 30 sec, and the
intensity (0.5–1.0 mA) was adjusted to induce an FP with an amplitude of
three-fourths maximal response. After 15 min of control recordings, we
applied a train of high-frequency pulses (50 Hz, 20 sec) (Okada, 1993) at
the same intensity. Then we collected FPs for another 90 min. The effect
of the tetanus was determined by comparing the average amplitude of
control FPs with that of the post-tetanic period of 80–90 min. All
numerical values were expressed as mean 6 SE. A Student’s paired t-test
and x 2 were used to determine statistical significance. Electrophysiolog-
ical signals were collected by an Instrutek VR10B interface unit and
stored on a Macintosh Power PC (9500/132) with the Pulses (HEKA)
software program.

The ACSF contained (in mM): NaCl, 124; KCl, 2.5; NaH2PO4, 1.25;
MgSO4 0.1; NaHCO3, 26; glucose, 10; CaCl2, 2, pH 7.4 after saturation
by gases. The potassium-based solution for patch micropipettes con-

tained (in mM); K-gluconate, 140; HEPES, 10; EGTA-Na, 1.1; CaCl2,
0.1; MgCl2, 2; ATP-Na, 2; GTP-Na, 0.2, PH 7.25. Different antagonists
including D-APV (100 mM) and bicuculline (10 mM) to block NMDA and
GABAA receptors were applied to the bath. We also applied nitrendipine
(10 mM) to block L-type Ca 21 channels.

RESULTS
Extracellular recordings (n 5 71) showed that OT stimulation at
different stimulus intensities produced three response patterns.
An electrical shock at threshold intensity evoked only one spike in
SC neurons (Fig. 1a, 1T). A moderate stimulus (two to five times
threshold) induced a short train (,250 msec) of spikes [Fig. 1b,
(2–5)T]. A strong stimulus (6–10 times threshold) elicited a long
train (.300 msec) of spikes with a specific change in spike
amplitude [Fig. 1c, (6–10)T] such that initial spikes gradually
decreased, whereas later spikes gradually increased in amplitude.
Whole-cell recordings showed similarly that a weak stimulus (1T)
evoked a small EPSP with one spike riding on it (Fig. 1d), whereas
a moderate stimulus [(2–5)T] induced a larger EPSP that resulted
in several spikes (Fig. 1e). A strong stimulus [(6–10)T] elicited a

Figure 1. Responses in neurons to stimulation of optic tract (OT ) fibers at different intensities. a, Stimulation of OT at threshold intensity (1T ),
moderate intensity (b) (2–5 times that of threshold, 2–5 T ), and strong intensity (c) (6–10 times that of threshold, 6–10 T ). Note that the early spikes
gradually decreased in amplitude, whereas the late spikes increased in amplitude. d, Whole-cell recording showed that a stimulus at threshold intensity
evoked a small EPSP. e, A moderate stimulus induced a larger EPSP. f, A strong stimulus elicited a long-lasting plateau potential characterized by a large
amplitude (.30 mV from the resting potential), slow decay, and a long train of partially inactivated spikes. g, A moderate stimulus evoked an EPSP. h,
Three stimuli of the same intensity at 20 Hz elicited a plateau potential. i, Three stimuli at 100 Hz induced a more prominent plateau potential, as judged
by inactivation of Na 1 spikes. Membrane potential always held at 260 mV. Arrowheads, Electrical shocks to OT.
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long-lasting membrane depolarization that was characterized by a
large amplitude (.30 mV from the resting potential), slow decay
(slope , 0.01 mV/msec), and a long train of spikes with decreases
followed by increases in amplitude, a response pattern called a
plateau potential (Fig. 1f).

The plateau potential depolarized the membrane above 240
mV for .200 msec, which partially inactivated Na1 channels and
explains the decrease in spike amplitude. The plateau potential is
likely evoked by spatial summation of multiple retinal inputs,
which converge on the neuron and can also be induced by tem-
poral summation. As shown in Figure 1g, one moderate stimulus
evoked an EPSP, whereas three stimuli of the same intensity at 20
Hz elicited a plateau potential (Fig. 1h), and three stimuli at 100
Hz induced a more prominent plateau potential as judged by
inactivation of Na1 spikes (Fig. 1i).

To determine the contribution of various channels to the pla-
teau potential and EPSPs, we applied a variety of blockers.
Application of 10 mM nitrendipine, a potent blocker of L-type
Ca21 channels, did not affect the EPSP evoked by either weak or
moderate stimuli (data not shown) but did block the plateau
potential (n 5 12), leaving the underlying EPSP intact (Fig. 2a, 1
vs 2), indicating that the plateau potential is mediated by L-type
Ca21 channels and triggered by the EPSP. Because the underly-
ing EPSP depolarized the membrane above 240 mV for tens of
milliseconds, the threshold of the plateau potential was likely
approximately 240 mV. Na1 spikes that depolarized the mem-
brane above 0 mV could not trigger the plateau potential (Fig.
1d,e,g). In addition, after blocking K1 channels, Na1 spikes
always triggered plateau potentials (Contreras et al., 1997; Lo et

al., 1998). Thus, the regenerative activation of L-type Ca21

channels, which is the origin of the plateau potential, was depen-
dent on both amplitude and duration of membrane depolariza-
tion. To test the voltage and time dependencies of the plateau
potential, we applied depolarizing current pulses at different
amplitudes and durations. The depolarization of the cell body
that we recorded from could not induce a plateau potential but
did induce a train of regular spikes without specific changes in
amplitude.

Application of 100 mM D-APV blocked the late but not the early
component of the EPSP (Fig. 2b, 1 vs 2), showing that it consisted
of both NMDA and non-NMDA components. Because the
NMDA component had a larger amplitude and longer duration
than the non-NMDA component (Fig. 2b), the NMDA recep-
tor-mediated EPSP might contribute to the activation of L-
type Ca 21 channels. To test this, we applied 100 mM D-APV
alone (n 5 10), which also blocked the plateau potential (Fig.
2c, 1 vs 2), indicating that it is triggered by the NMDA
receptor-mediated EPSP.

The incidence of plateau potentials decreased during develop-
ment (Fig. 2d). At the age of P0–P2, 70% (21 of 30) of tested
neurons had plateau potentials. At P3–P5, only 46.4% (13 of 28)
of tested neurons showed plateau potentials. This incidence de-
creased further to 45.7% (16 of 35) at P6–P9 and to 39.1% (9 of
23) at P10–P14 (Fig. 2d, filled circles). The decrease in incidence
of the plateau potential from P0–P2 to P3–P14 was statistically
significant (x2, p , 0.01).

The decrease in incidence of the plateau potential was probably
not caused by a decrease of input resistance during development,

Figure 2. Interaction between postsynaptic potentials and plateau potential. a, Application of 10 mM nitrendipine blocked the plateau potential, leaving
the underlying EPSP intact (trace 1 before, trace 2 after drug application). b, Additional application of 100 mM D-APV blocked the late component of
the EPSP. c, Application of D-APV also blocked the plateau potential. d, The incidence of plateau potentials at different ages ( filled circles) and after
blocking GABAA receptors by bicuculline (open triangles). e, f, Application of 10 mM bicuculline converted EPSPs into plateau potentials, regardless of
whether the EPSP was followed by a definite IPSP (e vs f ).
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because there was no significant difference in input resistance
between neurons with and without plateau potentials in each age
group ( p . 0.05). However, it probably did result from an
increase in GABA receptor-mediated inhibition (Shi et al., 1997).
Application of 10 mM bicuculline, an antagonist of GABAA re-
ceptors, transformed EPSPs into plateau potentials at the same
stimulus intensity. At P0–P2, 75% (6 of 8) of tested neurons
showed this transformation. The percentage gradually increased,
rising to 87% (7 of 8) at P3–P5, 91% (10 of 11) at P6–P9, and
100% (8 of 8) at P10–P14. In the presence of bicuculline, the
incidence at P3–P14 was significantly different from that with-
out bicuculline (x 2, p , 0.01 ; 0.02; Fig. 2d, open triangles) and
presumably reflects the development of GABAergic inhibition
in SC.

We examined this further by studying the development of the
IPSP. Although the EPSP was not frequently followed by an IPSP
at early ages, the decay slope at these ages varied from 0.05 to 0.95
mV/msec, suggesting that the rapidly declining EPSP was cur-
tailed by a “hidden” IPSP. Application of bicuculline converted
the EPSP into a plateau potential in some neurons (Fig. 2e, 1 vs
2), supporting the existence of an invisible IPSP (Fig. 2e). At
P0–P2, bicuculline failed to convert EPSPs into plateau potentials
in 25% (2 of 8) of the tested neurons, suggesting that inhibitory
circuits or GABAA receptors may be relatively sparse at this age.
By P3, however, a typical IPSP could be observed (Fig. 2f, trace 1)
in some collicular neurons, and blocking the IPSP with bicucul-
line produced a typical plateau potential (Fig. 2f, trace 2). This
suggests that the GABAA receptor-mediated IPSP prevents acti-
vation of L-type Ca21 channels either via its shunting mechanism
or because of its hyperpolarizing effect as early as P0.

We next studied what the function of this potential may be
during development. Retinal ganglion cells show spontaneous
high-frequency bursts of spikes before eye opening (Galli and
Maffei, 1988). The rhythmic activity among neighboring cells
produced by these bursts is highly correlated and progresses as a
traveling wave across the retina (Meister et al., 1991; Wong et al.,
1993). Blockade of such activity blocks formation of ocular dom-
inance columns in visual cortex and laminar segregation in the
lateral geniculate nucleus (Shatz, 1994, 1996). High-frequency
spontaneous retinal activity may also be sufficient to activate
L-type Ca21 channels, which would provide evidence that these
channels participate in retinocollicular refinement. To mimic
burst activity, a train of electrical shocks (50 Hz, 0.5 sec) was
applied to OT of isolated brainstem. This train evoked a depo-
larization that lasted for several seconds in most SC neurons (Fig.
3a). The depolarization was primarily blocked by application of
nitrendipine (Fig. 3b), showing that synaptic activation of L-type
Ca21 channels mediates this sustained depolarization.

To determine the role of sustained depolarization on retino-
collicular synaptic transmission, we tested the effect of tetanic
stimulation on the evoked field potential of superficial SC. Te-
tanic stimulation that induces LTP in adult rat SC (Okada, 1993)
induced a long-term depression (LTD) in amplitude of the field
potential (FP) in neonatal rat SC (Fig. 3c). The mean amplitude
of FP between 80 and 90 min after tetanus was 71.73 6 2.33%
(mean 6 SE) of the pretetanic baseline (n 5 37; t test; p , 0.01).
Application of 10 mM nitrendipine did not change the amplitude
of control FPs, but it partially blocked the LTD. The mean
amplitude of FP after tetanus in the presence of nitrendipine was
84.97 6 4.85% (n 5 10) of the baseline, which was significantly
different ( p , 0.02) from the control (Fig. 3c). Thus, Ca21 influx
via L-type Ca21 channels contributes to induction of LTD in the

developing SC. By contrast, application of 10 mM bicuculline had
no effect on the magnitude of LTD (data not shown).

DISCUSSION
Our results are important because they are the first to show,
using current-clamp techniques, that NMDA receptor-mediated
EPSPs, if large enough, can activate L-type Ca21 channels to
produce a plateau potential in SC neurons of neonatal rats, and
that GABAA receptor-mediated IPSPs can prevent these poten-
tials. A synaptically evoked sustained depolarization, i.e., plateau
potential, has been reported in a few types of neurons in inver-
tebrates (Kiehn and Harris-Warrick, 1992; Dicaprio, 1997) and
vertebrates (Russo and Hounsgaard, 1996; Di Prisco et al., 1997;
Rekling and Feldman, 1997; Morisset and Nagy, 1998). However,
the amplitude of these plateau potentials is much smaller than the
plateau potential found in SC neurons (.30 mV). In addition, the
plateau potential in other brain structures induces a long train of
regular spikes (afterdischarges) without inactivation of Na1

spikes, and depolarizing current pulses can evoke the plateau
potential in these studies, whereas current injection never in-
duced the plateau potential in SC neurons. These differences are
probably attributable to different ionic bases for plateau poten-

Figure 3. Functional significance of the activation of L-type Ca 21 chan-
nels in SC neurons. a, A train of high-frequency stimuli (50 Hz, 0.5 sec)
induced a long-lasting depolarization. b, The long-lasting depolarization
was largely blocked by application of 10 mM nitrendipine. c, High-
frequency stimulation (50 Hz, 20 sec) of OT induced an LTD in the
amplitude of field potentials (n 5 37; filled circles). The LTD was partially
blocked by application of 10 mM nitrendipine (n 5 10; hollow circles).
Error bars indicate SE. Insets give example records before (1) and after
(2) tetanic stimulation.
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tials. In most other structures, the plateau potential is blocked by
nonspecific high-threshold Ca21 channel blockers (Co21 or
Cd 21) or by L-type Ca21 channel blockers (Zhang and Harris-
Warrick, 1995; Rekling and Feldman, 1997; Russo et al., 1997),
indicating that the generation of plateau potentials requires Ca21

influx through the high-threshold or L-type Ca21 channel. Re-
cently, it has been demonstrated that the charge carrier for the
plateau potential is a Ca21-activated, nonselective cationic cur-
rent (ICAN) (Zhang et al., 1995; Pearlstein and Dubuc, 1998;
Morisset and Nagy, 1999; Perrier and Hounsgaard, 1999). The
charge carrier for the plateau potential in SC remains to be
examined.

The occurrence of the plateau potential decreases during the
time that the retinocollicular pathway is undergoing refinement
(Land and Lund, 1979; Simon and O’Leary, 1992), suggesting
that it may be important in this process. The decrease in inci-
dence of the plateau potential appears to be attributable both to
downregulation of NMDA-mediated currents (Hestrin, 1992; Shi
et al., 1997) and upregulation of GABAA receptor-mediated
currents (Shi et al., 1997). The role of calcium influx through
L-type Ca21 channels during pathway refinement is uncertain,
but our results show that one effect is the induction of long-term
depression of retinocollicular transmission because blockade of
L-type Ca21 channels reduced LTD in neonatal SC. LTD has
been considered a model for elimination of inappropriate syn-
apses that presumably occurs during pathway refinement. Al-
though our results are the first to report LTD in the developing
SC, LTD has been demonstrated in the neonatal hippocampus
(Bolshakov and Siegelbaum, 1994; McLean et al., 1996), and LTD
in hippocampus has been shown to be dependent on the activa-
tion of L-type Ca21 channels in rodents (Bi and Poo, 1998;
Domenici et al., 1998; Norris et al., 1998). It will be important in
the future to conduct additional experiments that directly link
L-type Ca21 current activity to pathway refinement in the de-
veloping rodent SC.
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