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AMPA and NMDA currents show different short-term
depression in the dorsal lateral geniculate nucleus of the rat

Anders Kielland and Paul Heggelund
University of Oslo, Institute of Basic Medical Sciences, Department of Physiology, P.O. Box 1103-Blindern, N-0317 Oslo, Norway

Paired-pulse depression was studied at the glutamatergic synapse between retinal afferents and
thalamocortical cells in the rat dorsal lateral geniculate nucleus. The main objective of this study was
to examine the contributions of the pre- and postsynaptic sites to this depression by comparing
AMPA- and NMDA-receptor-mediated responses. Equal depression of the two receptor components
would indicate involvement of presynaptic mechanisms, while differences in depression would
indicate involvement of postsynaptic mechanisms. Pharmacologically isolated AMPA- and
NMDA-receptor-mediated currents were recorded using the whole-cell patch-clamp technique in
acute thalamic slices. Both the AMPA and the NMDA components showed pronounced depression
when retinal afferents were activated by paired pulses. The depression decayed within 5 s. The
AMPA component was more strongly depressed than the NMDA component at paired-pulse
intervals ranging from 20 to 200 ms, suggesting the involvement of postsynaptic mechanisms. For
intervals of 500 ms and longer, the depression of the two components was identical, suggesting the
involvement of purely presynaptic mechanisms. The degree of depression measured without the use
of pharmacological tools produced similar results, thus excluding the involvement of presynaptic
ionotropic glutamate receptors. Cyclothiazide, a blocker of AMPA-receptor desensitisation,
reduced the difference in depression between the two components, suggesting that desensitisation
of the AMPA receptors is a postsynaptic mechanism that contributes to the difference in depression
between the AMPA and the NMDA components.
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The efficiency of synaptic connections in the brain changes
as a function of recent activity (Zucker, 1989, 1999). This
can be expressed by the phenomenon of short-term
depression, which may be implicated in the processes of
gain control and temporal filtering by synaptic transmission
(Markram & Tsodyks, 1996; Abbott et al. 1997; Chance et
al. 1998; Fortune & Rose, 2000). Insights into the properties
of synaptic depression and the underlying mechanism may
therefore be important for an understanding of the
dynamics of information processing in neural circuits.

Short-term depression is usually assumed to be due to
presynaptic processes, like depletion of the readily releasable
pool of vesicles (Dittman & Regehr, 1998; Stevens &
Wesseling, 1998; Wang & Kaczmarek, 1998) and reduction
in the release probability of the individual vesicles (Betz,
1970; Korn et al. 1984). The latter mechanism probably
involves a variety of factors including inactivation of
presynaptic Ca’" channels (Jia & Nelson, 1986; Wu &
Saggau, 1995; Dittman & Regehr, 1996; Forsythe et al. 1998),
modulation of the release machinery (Scanziani et al. 1992;
Hsu et al. 1996) and negative feedback through presynaptic
metabotropic receptors (Scanziani et al. 1997; von Gersdorff
etal. 1997). It has been suggested, however, that postsynaptic

receptor desensitisation (Otis ef al. 1996; Rozov et al. 2001)
and receptor modification by intracellular messenger
systems (Mennerick & Zorumski, 1996) contribute to
synaptic depression.

The retinal input to the thalamocortical cells in the dorsal
lateral geniculate nucleus is mediated through ionotropic
glutamate receptors of the NMDA and non-NMDA type
(Heggelund & Hartveit, 1990; Scharfman et al. 1990; Sillito
et al. 1990). The non-NMDA receptors involved are of the
AMPA type (Kielland & Heggelund, 2001). The retino-
geniculate connection shows a pronounced short-term
depression (Turner & Salt, 1998; von Krosigk et al. 1999),
which presumably plays an important role in the transfer
of visual signals to the thalamic cells and the subsequent
relay to visual cortical areas.

In this project we compared the paired-pulse depression of
AMPA- and NMDA-receptor-mediated currents at the
synapse between retinal afferents and thalamocortical cells
to evaluate the role of pre- and postsynaptic mechanisms.
It has been shown that the manipulation of factors that
reduce presynaptic glutamate release leads to a parallel
reduction of the AMPA- and NMDA-receptor-mediated
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postsynaptic response components (Perkel & Nicoll, 1993;
Tong & Jahr, 1994). Thus, if paired-pulse depression is due
exclusively to presynaptic mechanisms, the AMPA and the
NMDA components should exhibit depression of a similar
degree and time course.

We found that both the degree and time course of paired-
pulse depression were similar for the two types of receptor
components at relatively long paired-pulse intervals
(>500 ms), suggesting that mainly presynaptic mechanisms
are involved under these conditions. For shorter paired-
pulse intervals, however, the AMPA component was more
strongly depressed than the NMDA component, suggesting
the involvement of postsynaptic mechanisms under
these conditions. In the study presented here, we have
demonstrated that the postsynaptic effects could be
accounted for, at least in part, by desensitisation of the
AMPA receptor. Some of these results have been published
previously in abstract form (Kielland & Heggelund, 2000).

METHODS

Coronal brain slices were made from the dorsal lateral geniculate
nucleus of Wistar rats that were 14—17 days old, according to the
guidelines, and with the approval, of the Animal Care Committee
in Norway. The rats were deeply anaesthetised with halothane and
killed by rapid decapitation. A block of the brain was dissected out
and cooled to below 5 °C in a saline solution containing (mm): 125
Na(l, 2.5 KCl, 2 CaCl,, 1 MgCl,, 25 NaHCO;, 1.25 NaH,PO, and
25 D-glucose, bubbled with 5% CO,-95 % O,. The block was cut
into 300 gm slices using a vibratome. The slices were stored
submerged in the saline solution at room temperature (~24°C)
until recording. The slices were used for recording within 4 h.

During experiments, slices were held submerged in a small
chamber (volume ~1.5 ml). The chamber was perfused at a rate of
1.5mlmin~" with the same type of solution as used during
preparation of the slices. Picrotoxin (80-100 xM) was added to the
external solution to block GABA,-receptor-mediated synaptic
currents. The cells were visualised with differential interference
contrast microscopy using infrared light. Cells with a rounded
soma and three or more primary dendrites were defined as
thalamocortical cells (Zhu & Uhlrich, 1997). Whole-cell voltage-
clamp recordings were obtained with glass electrodes filled with
(mm): 80 Cs,SO,, 8 NaCl, 0.5 MgCl,, 0.5 CaCl,, 3 Na,ATP, 10
Hepes, 10 EGTA and 0.1 D-600 (a blocker of L-type Ca*
channels). The pH was adjusted to 7.2 with CsOH. Cs,SO, was
added to block GABAg, currents and to make the cells electronically
more compact by blocking K channels. The access resistance
(5-20 M) was monitored continuously during the experiment,
and it varied by less than 15% during an experimental series.
When cells were clamped at —40 to —60 mV the leak current was
between 0 and —100 pA. Postsynaptic currents were evoked by
electrical stimulation of the optic tract with bipolar electrodes,
using current pulses of 150 us duration (20-200 xA). The
stimulus artefacts are truncated in the figures. The recorded
electrical signals were filtered at 5 kHz and sampled at 10 kHz with
an HEKA EPC 9 amplifier and Pulse software (HEKA Elektronik,
Lambrecht, Germany). The amplitude of the postsynaptic currents
was calculated as the difference between the peak synaptic current
and the baseline holding current, or the decaying current of a
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preceding synaptic event. Offline analysis was performed using
Igor Pro (Wave Metrics, Lake Oswego, OR, USA). Unless stated
otherwise, Student’s paired ¢ test was used to test for statistically
significant differences using SPSS software (SPSS, Chicago, IL,
USA). Cyclothiazide was obtained from RBI (Natick, MA, USA)
and prepared as a stock solution of 100 mm in DMSO. Control
experiments for the effects of vehicles were negative. Picrotoxin
was obtained from Sigma (St Louis, MO, USA). 6-Cyano-7-nitro-
quinoxaline-2,3-dione (CNQX) and D-2-amino-5-phosphono-
valerate (D-APV) were obtained from Tocris Cookson (Bristol,
UK).

RESULTS

Depressions of AMPA and NMDA components have
partially different time course

Electrical stimulation of the optic tract evoked a pure
excitatory postsynaptic current (EPSC) in thalamocortical
cells when GABA, receptors were blocked by perfusion
with picrotoxin and GABAjg receptors were blocked by
intracellular Cs". Two successive, suprathreshold electrical
pulses were given to the optic tract. The magnitude of the
depression was quantified by the paired-pulse depression
ratio (PPD), i.e. the peak amplitude of the second EPSC
(EPSC,), divided by the peak amplitude of the first EPSC,
(EPSC,): EPSC,/EPSC,.

The waveform of the EPSCs had two components, an early
fast AMPA-receptor component (Kielland & Heggelund,
2001) and a later longer-lasting NMDA-receptor com-
ponent. Paired-pulse tests demonstrated that the depression
could be considerably more pronounced for the early
component than for the later component (Fig. 1A),
suggesting a difference in the mechanism underlying this
depression between the AMPA and NMDA components.
To compare the depression of the two components, the
AMPA- and the NMDA-receptor-mediated EPSCs were
examined separately in the same cell through sequential
application of a non-NMDA-receptor antagonist (CNQX,
5uM) and an NMDA-receptor antagonist (D-APV,
50 uM). The antagonists were applied in a different order
on different cells to balance eventual sequence effects.
These experiments demonstrated that the AMPA and
the NMDA components could exhibit depression with
different characteristics, as illustrated in Fig. 1B and C by
the results from one cell at a paired-pulse interval of
100 ms. In this case, the pure AMPA component had a
PPD 0f0.32 and the pure NMDA component had a PPD of
0.62. This suggests that different mechanisms are involved
in the depression of the two components.

To characterise the difference in depression between the two
components, we determined the time course of the paired-
pulse depression for the pharmacologically isolated currents
(Fig. 2A). The depression for both components was
determined at a series of paired-pulse intervals between
20 ms and 9 s. The AMPA component exhibited maximal
depression at 20 ms intervals, with an average PPD of 0.36
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(S.E-M. = 0.04,n = 7). The depression gradually decayed with
prolongation of the interval and completely disappeared
after 5s (Fig. 2B). The NMDA component exhibited
maximal depression at a stimulus interval of 50 ms, with
an average PPD of 0.61 (s.M.=0.05, n=9). For this
component there was no significant change in the degree of
depression in the interval range between 20 and 500 ms, but
for further increases in paired-pulse interval the depression
gradually decayed. Like the depression of the AMPA
component, the depression of the NMDA component was
completely gone after 5s. The depression of the AMPA
component was significantly stronger than that of the
NMDA component in the paired-pulse interval range
between 20 ms and 200 ms (P <0.002 for paired-pulse
intervals of 20, 50, 100 and 200 ms). The difference was
largest at 20 ms and gradually decreased with increasing
length of the interval. Between 500 ms and 5 s there was no
significant difference in depression between the two receptor

A AMPA and NMDA currents
B AMPA currents

o
C NMDA currents

50 pA

30 ms

Figure 1. Short-term depression was stronger for AMPA-
receptor-mediated currents than for NMDA-receptor-
mediated currents

Excitatory postsynaptic currents (EPSCs) recorded in
thalamocortical cells after two successive electrical stimulations of
the optic tract. A, note the change in shape between the first and the
second EPSC. The early fast AMPA component was reduced more
than the longer lasting NMDA component. B, the AMPA
component was isolated by application of the selective NMDA-
receptor antagonist D-2-amino-5-phosphonovalerate (D-APV,

50 uM). C, the NMDA component was isolated by application of
the selective AMPA-receptor antagonist cyano-7-
nitroquinoxaline-2,3-dione (CNQX, 5 uM). The trace with the
isolated NMDA component shows less depression than the
corresponding trace with the isolated AMPA component. Each
figure is an average of five sweeps. The cell was clamped at —40 mV.
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components. Accordingly, there was a clear difference
between the depressions of the two components that was
limited to the shorter paired-pulse intervals.

One methodological factor that might have contributed to
the difference in depression between the two components
is a possible change in the magnesium-induced blockade
of the NMDA -receptor-mediated current due to incomplete
space-clamp. Since the duration of the NMDA current
lasted for at least 100 ms in these experiments, there was an
inward synaptic current at the start of the second EPSC at
the shortest paired-pulse intervals. Therefore, depending
upon the speed of the clamp, it is possible that the
membrane at the site of the receptors was depolarised
relative to the holding potential during the second EPSC.
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Figure 2. The depression was more pronounced for the
AMPA component at short paired-pulse intervals

Time course of depression for the AMPA and NMDA components
using paired-pulse stimulation. A, data from a representative
experiment showing single EPSCs at different paired-pulse
intervals. The EPSCs in the upper row were recorded without
antagonists, the EPSCs in the middle row were recorded with
CNQX, and the EPSCs in the lower row were recorded with D-APV.
B, comparison of the average paired-pulse depression ratio (PPD)
between the AMPA and the NMDA components. The abscissa is
logarithmic. Error bars are s.e.M. The number of cells studied at
each paired-pulse interval is given in parentheses.
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Since the magnesium-induced blockade of NMDA receptors
is sensitive to membrane potential, we tested whether a
change in membrane potential could account for the
smaller synaptic depression of the NMDA component
compared to the AMPA component. In the same cells we
compared the degree of depression exhibited by the
NMDA component at membrane potentials of —40 mV
and +30 mV at a paired-pulse interval of 50 ms. At
+30 mV, the magnesium-induced blockade is removed
(Mayer et al. 1984; Nowak et al. 1984). We found no
difference in depression between the two holding potentials
(Fig. 3A,n = 10).

In a second test for whether or not a change in the amount
of magnesium-induced blockade affected the degree of
depression, we compared, for the same cells at a paired-
pulse interval of 100 ms, the depression of the NMDA
component before and after removal of Mg** from the
extracellular medium (Fig. 3B). The amplitude of the

A 1
Q I x
o ]
o
0

40 mV 30 mv
+30 mV

-40 mV

Figure 3. Manipulating the magnesium-induced
blockade of the NMDA receptor did not affect paired-
pulse depression

A, EPSCs of the NMDA component in a cell voltage clamped at

+30 mV and —40 mV. B, EPSCs in another cell before and after
washout of Mg**. The cell was clamped at —40 mV. Both figures
show an average of three sweeps. The AMPA component was
blocked by CNQX (10 #M). The two insets show the average PPD
ofall cells (n = 10in A, n = 6 in B) before and after manipulation of
the magnesium-induced blockade for the respective experiments.
Error bars are S.E.M.
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NMDA-receptor-mediated EPSCs increased on average by
81 % (S.D. =28 %), but the degree of depression was not
significantly changed by removal of extracellular Mg*
(n=06). It is therefore unlikely that the difference in
depression between the AMPA and NMDA components
was due to a different amount of magnesium-induced
blockade between first and second EPSCs.

The difference in depression between AMPA and
NMDA components was not due to presynaptic
ionotropic glutamate receptors

Presynaptic receptors of the AMPA, kainate and NMDA
type at glutamatergic terminals have been described, and it
has been suggested that they have effects on synaptic
efficiency (MacDermott et al. 1999). Although such
presynaptic receptors have not been demonstrated at the
retinogeniculate synapse, their presence cannot be ruled
out. It is therefore possible that the difference we found
between the depression exhibited by the AMPA and
NMDA components could be due to selective blockade of
presynaptic receptors by the receptor antagonists we used
to separate the two components. To check this hypothesis,
measurements of the time course of the depressions for the
two components were repeated with an alternative
method that did not involve pharmacological separation
of the AMPA and NMDA components. We used the fact
that AMPA-receptor-mediated EPSCs have a faster rise and
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Figure 4. Effects of the antagonists on potential
presynaptic receptors do not contribute to the difference
in depression between the AMPA and the NMDA
component

Paired-pulse depression measured during pharmacological
isolation of AMPA and NMDA components (filled symbols) was
compared with depression measured without pharmacological
tools (open symbols). In the latter case the separation of the two
components was based on differences in the time course of the two
receptor-mediated currents. The inset trace shows the time point
for measurement of the AMPA component (upward arrow) and
the NMDA component (downward arrow) in the dual-component
EPSCs. The abscissa is logarithmic. Error bars are s.E.M.
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decay time than NMDA-receptor-mediated EPSCs at the
temperature we used (~24 °C, see Fig. 1). Consequently, by
measuring amplitudes of the dual-component EPSCs at
different points in time we could estimate the AMPA and
NMDA components in the same EPSC without the use of
receptor blockers. The AMPA component was measured
at the early sharp peak of the EPSCs, while the NMDA
components were measured 20 ms after the stimulus
artefacts (Fig. 4, inset).

The results showed the same time course of depression for
the two components with this method as that obtained
using pharmacological isolation of the components. The
depression was stronger for the AMPA component than
for the NMDA component at the shorter inter-pulse
intervals, whereas the depression was similar for the two
components at the longer inter-pulse intervals (Fig. 4).
This suggests that the difference in short-term depression
between the two components was not due to presynaptic
ionotropic glutamate receptors. The degree of depression
obtained with this method was slightly stronger than that
obtained with the pharmacologically isolated EPSCs
(P <0.001, all intervals pooled, ANOVA). However, this
increased depression was about the same for both
components across the whole range of paired-pulse
intervals tested, suggesting that the increased depression
was due to methodological rather than biological factors.

Desensitisation of AMPA receptors contributes to
the difference in depression between the two
components

Desensitisation reduces the AMPA-receptor-mediated
EPSCs at this synapse in rat (Kielland & Heggelund, 2001)
and mouse (Chen & Regehr, 2000). We therefore
examined the possibility that desensitisation of the AMPA
receptors could contribute to short-term depression of the
AMPA component, and eventually explain the difference
in depression between the two components at the shorter
paired-pulse intervals. To test this hypothesis we repeated
the measurements of the time course of the depression for
the AMPA-receptor component under conditions where a
blocker of AMPA-receptor desensitisation, cyclothiazide,
was added to the extracellular solution (Partin et al. 1993;
Trussell et al. 1993; Yamada & Tang, 1993). The NMDA
receptors were blocked by D-APV (50 um).

When cyclothiazide (40 gM) was added, the peak amplitude
and the decay time of the AMPA-receptor-mediated
EPSCs increased, as described previously (Kielland &
Heggelund, 2001). Moreover, the degree of depression was
reduced, as illustrated by the example shown in Fig. 5A. In
this cell, the PPD changed from 0.21 before, to 0.38 after
cyclothiazide application at a paired-pulse interval of
50 ms. The cyclothiazide effect gradually decreased with
increasing paired-pulse interval. The PPD changed from
0.26 to 0.47 at 200 ms and from 0.63 to 0.65 at 500 ms.
This resembles the difference in depression we observed
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between the AMPA and NMDA components. However,
the application of cyclothiazide did not seem to completely
remove the difference in depression between the two
components (Fig. 5B, n = 7). Cyclothiazide reduced the
PPD of the AMPA component by 0.14, 0.09 and 0.04 for
the paired-pulse intervals 50, 200 and 500 ms, respectively.
For these same intervals, the difference in PPD between the
AMPA and the NMDA components in the experiments
without cyclothiazide was 0.23,0.16 and 0.07, respectively.

Even though blocking of desensitisation by cyclothiazide
did not completely abolish the difference in depression
between the AMPA and the NMDA components, the
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Figure 5. Desensitisation of the AMPA component
contributes to the difference in depression between the
AMPA and the NMDA component

A, recording of AMPA-receptor-mediated EPSCs evoked in a cell
at paired-pulse intervals of 50 ms (upper trace), 200 ms (middle
trace) and 500 ms (bottom trace). Thin traces are control
recordings, and thick traces are recordings made with cyclothiazide
in the extracellular solution. Cells were voltage clamped at —60 mV
and D-APV (50 uM) was added. B, comparison of the depression of
the AMPA component in control conditions and in the presence of
cyclothiazide plotted together with the depression of the NMDA
component. The abscissa is logarithmic. Error bars are s.E.M.
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desensitisation seemed to follow the same time course as
the difference in depression between the two receptor
components. This supported further the conclusion that
the desensitisation of AMPA receptors can at least partly
explain the differences in depression between AMPA and
NMDA components.

To test whether cyclothiazide acted specifically on the
desensitisation of the AMPA receptor, and not more
generally on the synaptic transmission (e.g. on the trans-
mitter release), we examined the effect of cyclothiazide on
the EPSCs mediated by NMDA receptors. In these
experiments, AMPA receptors were blocked by CNQX
(10 uMm). As illustrated in Fig. 6, we found that cyclothiazide
(40 M) had no effect on the depression of the NMDA-
receptor-mediated EPSCs (n = 4), suggesting that under
the experimental conditions used here, cyclothiazide
specifically modulated the AMPA receptors.

DISCUSSION

The occurrence of paired-pulse depression was
demonstrated in the retinogeniculate synapse using voltage-
clamp recording. A comparison of the depression for the
AMPA- and NMDA-receptor-mediated EPSCs suggests
the involvement of both pre- and postsynaptic mechanisms.
At the shortest paired-pulse intervals the AMPA component
was considerably more depressed than the NMDA
component, but this difference gradually disappeared with
increasing length of the interval between the paired pulses.
This suggests that the depression is a combination of a
longer-lasting presynaptic effect and a shorter-lasting
postsynaptic effect specific to the AMPA component. The
latter could, at least in part, be explained by desensitisation
of the AMPA receptor.

We used cyclothiazide, a potent blocker of AMPA-
receptor desensitisation (Partin ef al. 1993; Trussell et al.

'DT

50 pA

100 ms

Figure 6. The NMDA component was not affected by
cyclothiazide

NMDA-receptor-mediated EPSCs in a representative cell before
and after application of cyclothiazide. Traces for the two
conditions are superimposed. The traces are average of 10 sweeps
at paired-pulse interval of 200 ms. The cell was clamped at —40 mV
and the extracellular solution contained CNQX (10 gM). Neither
peak current nor short-term depression was altered by
cyclothiazide.

J. Physiol. 542.1

1993; Yamada & Tang, 1993), to prove that desensitisation
contributed to the depression of the AMPA component. In
some other types of synaptic connections cyclothiazide has
also been shown to have presynaptic effects. These effects
generally lead to an increase in synaptic depression
(Diamond & Jahr, 1995; Dittman & Regehr, 1998).
Accordingly, a potential presynaptic effect of cyclothiazide
in our experiments should have resulted in increased
paired-pulse depression of the AMPA component, instead
of the reduced depression we observed. However, it has
been demonstrated that cyclothiazide reduces synaptic
depression in a calyceal synapse in the rat brainstem
(Bellingham & Walmsley, 1999). In that experiment,
cyclothiazide affected the depression over a 100 ms period
after a synaptic event, while in our experiments the effect
was seen for up to 500 ms. Moreover, they also found
paired-pulse depression to be more pronounced for
the NMDA component than for the AMPA component.
These differences suggest that different mechanisms are
involved in the two types of synapses. In addition, in our
experiments cyclothiazide did not change the response of
the NMDA-receptor-mediated EPSCs. This is further
evidence against a presynaptic effect, and makes it likely
that cyclothiazide has a specific effect on postsynaptic
AMPA receptors.

The difference in depression of the AMPA and NMDA
components together with the reduction of the AMPA-
receptor-mediated depression evoked by cyclothiazide
suggest that the difference between the two components is
due to desensitisation. However, the difference between
the two components was not completely abolished by
cyclothiazide. This could reflect an incomplete block of
desensitisation by the drug, since we had no control for the
completeness of the block. In fact in a similar study in mice
published recently, a higher concentration of cyclothiazide
was used (75 M vs. 40 uM in our study), and in that study
(Chen et al. 2002) the NMDA component was more
strongly depressed after cyclothiazide treatment than was
the AMPA component. Alternatively, the residual difference
of depression could be due to other mechanisms like
differential regulation of the two receptors by intracellular
messenger systems (e.g. it has been shown that phos-
phorylation by protein kinase C preferentially potentiates
the NMDA receptor; Lozovaya & Klee, 1995).

In most studies of short-term depression, the major
emphasis has been on presynaptic mechanisms (Zucker,
1989, 1999; von Gersdorff et al. 1997; Hashimoto & Kano,
1998). However, in addition to the result from the
retinogeniculate synapse presented here, desensitisation
has been shown to determine depression in a calyceal
synapse in the chick cochlear nucleus (Trussell et al. 1993;
Otis ef al. 1996), and in a synapse between pyramidal and
bipolar cells in the neocortex of rat (Rozov et al. 2001).
Large differences in recovery time from desensitisation
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have been found in these types of synapses. In the cochlear
nucleus the recovery time was 100 ms, in the synapse
between pyramidal and bipolar cells it lasted up to 5 s, and
in the retinogeniculate synapses we found that the
desensitisation lasted up to 500 ms.

It is likely that desensitisation will vary considerably between
synapses because it is dependent upon the subunit
composition of the receptor complex and morphology of
the synapse, which are factors with large variability in the
brain. Differential gene expression, alternative splicing
and RNA editing lead to large variety of different AMPA
receptors that have various intrinsic recovery times from
desensitisation (Colquhoun et al. 1992; Lomeli ef al. 1994;
Angulo et al. 1997). Moreover, the time course of glutamate
in the synaptic cleft is important for desensitisation because
only micromolar levels of transmitter are sufficient to keep
the receptors in a desensitised state (Kiskin et al. 1986;
Trussell & Fischbach, 1989). It has been suggested that
clearance of glutamate from the synaptic cleft is dependent
upon the morphology of the synapse (Trussell et al. 1993;
Clements, 1996; Otis et al. 1996). The terminals of the
retinal afferents can have several release sites, which can be
localised close together and encapsulated in a common
glial structure, the glomerulus (Sherman & Guillery, 1996).
This morphology could prolong clearance of glutamate
from the synaptic cleft. Furthermore, it has been suggested
that closely spaced synaptic sites promote desensitisation
due to diffusion of glutamate between the sites (Trussell et
al. 1993).

In a recent in vivo study of the retinogeniculate connections
in cat, Usrey et al. (1998) showed that two retinal spikes
evoked with inter-spike intervals of 3-30 ms conferred on
the second spike an increased probability of evoking an
action potential. They suggested that the effect was due
to presynaptic facilitation. This is inconsistent with our
findings, which demonstrate depression instead of
facilitation in this type of synapse, suggesting that the effect
can be related to postsynaptic mechanisms.

Retinal ganglion cells in vivo are spontaneously active. In the
unanaesthetised rat this activity seems to be above 2 Hz, and
the visually driven activity can reach several hundred hertz
(Brown & Rojas, 1965). In our in vitro condition the degree
of paired-pulse depression of the NMDA component varied
little over inter-pulse intervals up to 500 ms, whereas that of
the AMPA component varied substantially during this
interval. Although our recordings were carried out in a slice
preparation at room temperature, the findings suggest that
the NMDA component will be in a tonically depressed state
at the firing rates of the retinal input in vivo, whereas the
degree of depression of the AMPA component can be
modulated depending upon the firing rate in the retinal
afferent. Since the depression of the AMPA component is
strongest at very short inter-pulse intervals, this means that
the short-term depression would have the strongest effects
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on the EPSCs evoked by the highest firing rates of the retinal
input. Under these conditions the thalamocortical cells will
typically have a membrane potential closer to the firing
threshold, such that weaker EPSCs will be sufficient to
generate action potentials in the thalamocortical cell. The
short-term depression could fine-tune the amplitude of the
EPCS to the appropriate level under these conditions such
that even facilitation of transmission (Usrey et al. 1998)
could occur.
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