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Abstract

Two forms of short-term synaptic plasticity, paired-pulse depression (PPD) and frequency depression, were prominent in the adult rat

geniculo-cortical visual pathway in vivo. Iontophoresis of GABAa receptor antagonist (bicuculline methiodide) or GABAb receptor

antagonist (2-hydroxy-saclofen) in the primary visual cortex significantly reduced the short-term synaptic depression. When NMDA or

AMPA/kainate receptors were blocked, no obvious change of synaptic depression was observed. Application of high [Ca2+] enhanced the

short-term synaptic depression. Our results suggest that the presynaptic Ca2+-dependent neurotransmitter depletion and postsynaptic

GABAergic inhibition may be crucial for short-term synaptic depression in the geniculo-cortical pathway.
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In the rat, as in other mammals, the projections from the

dorsal lateral geniculate nucleus (dLGN) to the primary visual

cortex are the major visual thalamocortical afferents [11].

These projections have been intensively studied and proved

to play an important role not only in the relay of visual

information from retina to visual cortex, but also in visual

information processing and neuronal plasticity [10]. Howev-

er, very little attention has been paid to the short-term synaptic

plasticity of geniculo-cortical projections in rat before.

The transmission strength of a synapse is changed depend-

ing on the activity history of the synapse both in long term and

in short term. Classic studies of synaptic transmission at the

neuromuscular junction identified that short-term enhance-

ment and short-term depression occurred over several time

scales [20]. Repetitive activation of the excitatory synapses in

the neocortex shows prominent frequency-dependent depres-

sion [6,15–17]. It is proposed that the frequency-dependent
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depression of the rat visual cortex provides an automatic,

dynamic gain-control mechanism [1] and affects some of the

specific temporal-filtering properties of the visual cortex [5].

In this study, we aimed to characterize two forms of short-

term synaptic plasticity, paired-pulse depression and frequen-

cy depression of postsynaptic potentials (PSPs) in the rat

geniculo-cortical pathway in vivo.

Adult Wistar rats (>2 months), weighing 200–300 g,

were anaesthetized with urethane (20%, 1.2 g/kg, i.p.), and

then were mounted in a stereotaxic apparatus. Body tem-

perature was kept at 37F 0.5 jC. The eyes were covered

throughout the experiment, except during positioning the

stimulating electrode into dLGN [9]. Multibarrel glass

electrodes (1.0–3.0 M when filled with saline, pipette tip

size was about 2 Am) were introduced into the primary

visual cortex (7.0 mm posterior to bregma; 3.0–4.0 mm

lateral to the midline; 800–1000 Am ventral to dura). A

concentric bipolar electrode (FHC, USA) was positioned 3.8

mm posterior to bregma, 3.5 mm lateral to stimulate the

dLGN ipsilateral to the visual cortex recorded. To aid in the

positioning of the stimulating electrode in the dLGN,

visually driven multiunit activity was monitored as it was

being tracked down through neocortex and overlying hip-



Fig. 1. Paired-pulse depression in rat geniculo-cortical pathway. (A) Typical

field potentials induced by applying paired-pulse stimulation at stimulus

interval of 50, 100 and 1000 ms. (B) Averaged paired-pulse depression ratio

changes versus stimulus interval (n= 30).

Fig. 2. Frequency depression in rat geniculo-cortical pathway. (A) Typical

field potentials induced by applying 15-pulse train stimulation of 50 Hz. (B)

Averaged relative amplitude of field potentials during three different

frequency stimulation (n= 29).
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pocampus. The final depth of the stimulating electrode tip

was within 100–200 Am of first encountering visually

responsive neurons. Histological analysis confirmed that

the stimulating electrode tip was typically positioned within

the first 200 Am of the dorsal surface of the dLGN. We

positioned recording electrodes in the layer IV of the visual

cortex (field potential with largest amplitude and shortest

latency could be recorded in the layer IVof the visual cortex

with electrical stimulation in the dLGN). Before the begin-

ning of each experiment, full input–output series were

performed, and a stimulation intensity yielding 50–60%

of maximum was used for the remainder of experiment.

Data are presented as meansF standard error of means

(S.E.M.). Statistical significance was estimated by using
paired t-test analysis. Drugs were held in the electrode barrel

with a small negative retaining current (10–20 nA). Ionto-

phoretic currents of 40–80 nA were employed.

With paired-pulse stimulation, the amplitude of the

second field potential showed prominent depression, which

is called paired-pulse depression (PPD). Fig. 1A shows

typical field potentials induced by paired-pulse stimulation

at the intervals of 50, 100 and 1000 ms. Paired-pulse

stimulation with longer intervals usually caused less depres-

sion. Fig. 1B shows the relationship between the PPD ratio

and interval of paired-pulse. The PPD ratio was expressed as

the size of the second PSP amplitude relative to the first PSP

amplitude. When the interval was less than 200 ms, larger

interval stimulation induced bigger PPD ratio (less depres-

sion). However, the PPD was not restored monotonically as

the interval of pared-pulse stimulation increased. At the

interval of 200–500 ms, there was a second minimal peak

of the PPD ratio.

As it is generally impossible to predict the steady-state

behavior from the paired-pulse behavior [16], 15-pulse train

stimulation at three different frequencies (10, 20, 50 Hz)

were used to investigate the dynamic trend and steady-state

behavior of this synaptic transmission. Fig. 2A shows

typical evoked field potentials by 15 pulses at 50 Hz. The

amplitude of the field potential decreased steeply at 50-Hz

stimulation. The depression by repetitive stimulation is

dependent on the frequency of stimulation (Fig. 2B). In

contrast to paired-pulse effects, the steady-state depression



Fig. 4. Drug effects on frequency depression. Frequency depression was

reduced in presence of bicuculline methiodide (BIM, n= 12) or 2-hydroxy-

saclofen (SAC, n= 10), and was enhanced in presence of high [Ca2 +]

(n= 17). Iontophoresis of D-2-amino-5-phosphonopentanoate (APV, n= 10)

and 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX, n = 11) had no

significant effect on frequency depression. *P < 0.05, **P < 0.01; paired

t-test, compared with normal adult rats group.
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increased monotonically across the measured range of

frequencies. Higher frequency of stimulation will cause

steeper depression and less amplitude of steady-state re-

sponse. The steady-state depression ratio was expressed as

the averaged size of the last three PSPs’ amplitude relative

to the first PSP amplitude.

Since factors modulating synaptic transmission and

moreover the contribution of IPSPs were likely to influence

the short-term depression in the geniculo-cortical pathway,

we performed experiments utilizing drug iontophoresis.

When GABAa-mediated inhibition was blocked by ionto-

phoresis of bicuculline methiodide (BIM, 5 mM, pH 3), a

prolongation of the field potential was found, indicating that

a block of concomitantly activated inhibitory postsynaptic

potentials. The amplitude of the field potential was in-

creased to 166F 8%. Under these conditions, paired-pulse

depression was significantly reduced for all stimulation

intervals (n = 12; see Fig. 3). Frequency depression was

significantly reduced by repetitive stimulation of 10 and 20

Hz (n = 12; see Fig. 4). When the specific GABAb receptor

antagonist 2-hydroxy-saclofen (SAC, 25 mM, pH 3.5) was

applied, field potential’s amplitude was 101F 4% of con-

trol, paired-pulse depression was significantly reduced for

stimulation intervals between 200 and 700 ms (n = 10; see

Fig. 3). Frequency depression was significantly reduced by

repetitive stimulations of 10 and 20 Hz (n= 10; see Fig. 4).

The amplitude of the field potential was increased by

iontophoresis of high [Ca2 +] solution (3 M CaCl2) (156F
7%) probably due to the increase of presynaptic transmitter

release. Under these conditions, paired-pulse depression was

significantly enhanced for all stimulation intervals (n = 17;

see Fig. 3). Frequency depression was also significantly
Fig. 3. Drug effects on paired-pulse depression (PPD). PPD was reduced in

presence of bicuculline methiodide (BIM, n= 12) or 2-hydroxy-saclofen

(SAC, n= 10), while the presence of high [Ca2 +] (n= 17) enhanced PPD.

Iontophoresis of D-2-amino-5-phosphonopentanoate (APV, n= 10) and 6-

cyano-7-nitroquinoxaline-2, 3-dione (CNQX, n= 11) had no significant

effect on PPD. *P< 0.05, **P< 0.01; paired t-test, compared with normal

adult rat groups.
enhanced for all stimulation frequencies (n = 17; see Fig. 4).

The contributions of NMDA and AMPA/kainate receptors to

short-term synaptic plasticity were investigated by iontopho-

resis of D-2-amino-5-phosphonopentanoate (APV, 50 mM,

pH 8) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10

mM, pH 9.8), respectively. The amplitude of field potential

was 35F 3% of control by CNQX and 98F4% of control by

APV. No significant effect on paired-pulse depression or

frequency depression was observed under these conditions

(APV, n = 10; CNQX, n = 11; see Figs. 3 and 4).

Short-term synaptic plasticity was originally described in

simple circuits, such as the neuromuscular junction, and its

classical forms seem to arise from presynaptic-mediated

changes of neurotransmitter. It is proposed that Ca2 + influx

through voltage-gated Ca2 + channels is the key signal that

dynamically regulates the refilling of the releasable pool of

synaptic vesicles [21]. Differences in release probability

may explain the pathway-specific variance in short-term

synaptic plasticity [4]. Since the release probability at

thalamocortical synapses is quite high [3,7,8], it is not

surprising to observe prominent depression in this study.

Similar depression was also observed in former in vitro

studies on thalamocortical synapses [7,8] and geniculocort-

ical synapses [13]. Our results may reflect that Ca2 +-

dependent depletion of presynaptic neurotransmitter plays

an important role in short-term synaptic depression of

geniculo-cortical pathway. Under high [Ca2 +] condition,

the neurotransmitter release probability was increased,

which caused the presynaptic neurotransmitter to be deplet-

ed more rapidly. Thus, the degree of short-term depression

increased. Some other presynaptic factors [19], such as the

activation of GABAb autoreceptor may also contribute to
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PPD. Similar regulation by GABAb receptors was reported

on thalamocortical slices [3,7].

On the other hand, it is known that postsynaptic elements

and circuit properties are important to short-term synaptic

dynamics [2,18]. There are both physiological and anatom-

ical evidences that thalamocortical afferent synapses strong-

ly and monosynaptically excite GABAergic inhibitory

interneurons in the cortex [12,14]. When the GABAergic

inhibition was weakened, the strong disynaptic inhibitory

inputs that shunt excitatory postsynaptic potentials were also

weakened. It is also possible that IPSPs reduce field

potentials by simple summation with EPSPs. Thus, under

these conditions, short-term depression was reduced.

The prominent short-term synaptic depression observed

in the present study may be the mechanism of visual pattern

adaptation, which is much more salient in neurons of

primary visual cortex than of lateral geniculate nucleus.

Short-term synaptic depression may also contribute to the

visual information gain-control mechanism and temporal-

filtering properties as suggested in the intracortical synapses

[1,5,15]. It plays an important role in the nonlinear temporal

dynamics of visual cortex neurons that leads to enhance-

ment of nonlinear temporal summation, orientation selec-

tivity, and direction selectivity [5].
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