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Heterosynaptic Scaling of Developing GABAergic Synapses:
Dependence on Glutamatergic Input and Developmental Stage
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A proportionality or balance between coactivated excitatory and inhibitory inputs is often observed for individual cortical neurons and
is proposed to be important for their functions. This feature of neural circuits may arise from coordinated modulation of excitatory and
inhibitory synaptic inputs, a mechanism that remains unknown. Here, in vivo whole-cell recordings from tectal neurons of young
Xenopus tadpoles reveals activity-dependent bidirectional modifications of GABAergic inputs. At early developmental stages when
GABAergic inputs dominate visually evoked responses, repetitive visual stimulation leads to long-term depression of GABAergic inputs.
At later stages when convergent glutamatergic inputs are much stronger, long-term potentiation (LTP) of GABAergic inputs is induced.
The polarity of GABAergic plasticity depends on the ratio between the magnitude of coactivated glutamatergic and GABAergic inputs (E/I
ratio) to the tectal cell: LTP is induced only when the E/I ratio is above a threshold, and the level of LTP correlates linearly with the
logarithm of the E/I ratio. The induction of LTP requires the activation of postsynaptic NMDA receptors, as well as presynaptic TrkB
signaling likely through retrograde BDNF (brain-derived neurotrophic factor) and is achieved by overcoming a predominant depression
process mediated by NMDA receptors on the presynaptic GABAergic neurons. Our results indicate that the strength of developing
GABAergic synapses can be scaled in accordance to coactivated convergent glutamatergic input. This mechanism may contribute to the
formation of functional neural circuits with correlated excitatory and inhibitory inputs.
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Introduction
Nervous system function requires that neurons remain respon-
sive to stimuli over a broad dynamic range. This requires a deli-
cate balance between excitation and inhibition that a cell receives
(Shadlen and Newsome, 1994; Salinas and Sejnowski, 2000; Tur-
rigiano and Nelson, 2004). There are salient examples of func-
tional balance of excitation and inhibition in single cortical neu-
rons. In the prefrontal cortex, persistent network activity during
“up” states is maintained by proportional and dynamically well
balanced excitatory and inhibitory conductances (Shu et al.,
2003; Haider et al., 2006). In the cat primary visual cortex, visu-
ally evoked excitatory and inhibitory conductances are balanced
exquisitely in neurons at all locations within the orientation map.
This balance is thought to be sufficient for generating spike re-
sponses that are sharply tuned to orientations (Marino et al.,
2005). Similarly, in the rat primary auditory cortex, excitatory
and inhibitory synaptic inputs exhibit identical tone–frequency-
specific receptive fields (Wehr and Zador, 2003; Zhang et al.,
2003; Tan et al., 2004), with excitatory and inhibitory synaptic
conductances exhibiting a strong linear correlation (Zhang et al.,
2003). The correlated inhibitory input may serve to increase the

temporal precision of spike responses (Wehr and Zador, 2003). It
was also shown in vitro that the number of excitatory and inhib-
itory synapses maintains a constant ratio across individual den-
drites, resulting in constant compound synaptic potential at in-
dividual dendritic branches (Liu, 2004).

Despite the importance of the functional balance of excitatory
and inhibitory inputs, little is known about how this important
feature of neural circuits arises during development. The forma-
tion of neural circuits with correlated excitatory and inhibitory
inputs requires a coordinated modulation of two inputs activated
by the same sensory stimulus. Homeostatic plasticity (Turrigiano
et al., 1998; Liu, 2004; Hartman et al., 2006) can regulate the
relative strength of excitatory and inhibitory synapses so as to
keep relatively stable firing rates of neurons. However, this form
of plasticity is thought to operate globally and may not achieve
pathway-specific modulation (Turrigiano and Nelson, 2004). In
the developing Xenopus retinotectal system, it was observed in
individual tectal neurons that glutamatergic and GABAergic syn-
aptic inputs activated by the same visual stimulus exhibit increas-
ing linear correlation in their strengths during development, re-
sulting in a progressive matching of the topography of excitatory
and inhibitory synaptic receptive fields (Tao and Poo, 2005). This
prompts us to test the hypothesis that developing GABAergic
synapses can be modulated in accordance with the strength of
coactivated convergent glutamatergic input through activity-
dependent mechanisms. The impact of glutamatergic input on
GABAergic plasticity is unclear, because previous studies have
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often targeted either unitary inhibitory responses between pairs
of neurons or pharmacologically isolated inhibitory responses
(Gaiarsa et al., 2002). We applied in vivo whole-cell recordings to
tectal neurons in Xenopus tadpoles and examined changes of
GABAergic synaptic inputs induced by visual stimuli. Under
these physiological conditions, we found that GABAergic plastic-
ity in this developing retinotectal system is indeed guided by
glutamatergic transmission. Our findings provide potential syn-
aptic plasticity mechanisms that may contribute to the formation
of functionally balanced excitatory and inhibitory inputs.

Materials and Methods
Tadpole preparation. Xenopus laevis tadpoles were raised under room
temperature. Tadpoles of Nieuwkoop and Faber stage 40 – 47 were anes-
thetized with saline containing 0.02% tricaine methanesulfonate (MS-
222), secured by insect pins to a Sylgard-coated dish, and incubated in
HEPES-buffered saline containing the following (in mM): 135 NaCl, 2
KCl, 3 CaCl2, 1.5 MgCl2, 10 HEPES, 10 glucose, and 0.005 glycine, pH
7.4. The skin was removed, and the brain was split open along the midline
to expose the inner surface of the tectum. A low dose of �-bungarotoxin
(2 mg/ml) was applied to the bath to prevent muscle contraction. Exper-
iments were performed at room temperature, and the bath was con-
stantly perfused with HEPES-buffered saline equilibrated with 100% ox-
ygen. Chemicals were purchased from Sigma (St. Louis, MO) unless
otherwise specified.

Electrophysiology. Tectal cells were patched under visual guidance with
an Olympus Optical (Tokyo, Japan) BX50WI microscope. In this study,
only cells located in the rostral half of tectum were examined. Micropi-
pettes were made from borosilicate glass capillaries (Kimax; Kimble/
Kontes, Vineland, NJ) and had a resistance in the range of 2– 4 M�. To
avoid ambiguity in data interpretation caused by slow permeability of
Cl � in amphotericin perforated patch, whole-cell recordings were ap-
plied in the present study to examine Cl � conductance. For recording
light-evoked GABAergic currents, the intrapipette solution contained
the following (in mM): 120 K-gluconate, 5 NaCl, 1.5 MgCl2, 1 EGTA, 20
HEPES, 2 Na2ATP, and 0.3 GTP, pH 7.3. For recording miniature
GABAergic currents, a cesium-gluconate-based internal solution was
used. Whole-cell recordings were made with a patch-clamp amplifier
(Axopatch 200B; Molecular Devices, Palo Alto, CA). The whole-cell ca-
pacitance was fully compensated, and the series resistance was compen-
sated by 75% (lag of 100 �s). Signals were filtered at 5 kHz and sampled
at 10 kHz using Axoscope software (Molecular Devices). Data accepted
for analysis were cases in which the series resistance did not change by
�10%, and input resistance (1–5 G�) remained relatively constant
throughout the experiment. The reversal potential of Cl � currents (�75
to �70 mV, determined for individual cells) was sometimes examined at
the beginning and end of each experiment by looking at the reversal of
spontaneous GABAergic synaptic currents as the holding potential was
changed. No significant changes were found in our experiments. When
the reversal potential was determined by puffing GABA, neither did we
observe any significant change in it after visual conditioning (see Fig. 1 I).
Reported voltages were corrected for the liquid junction potential (10
mV) between the intracellular and extracellular solution.

Visual stimulation. Visual stimulation was delivered through a small
liquid crystal display screen, which was mounted on the camera port of
the microscope, allowing projection of computer-generated images onto the
retina through optics of the microscope (Engert et al., 2002). The contralat-
eral retina was exposed by removing the lens and was flattened and stabilized
with a glass coverslip. After patching on a cell, the microscope was moved
with manipulators and refocused on the retina for visual stimulation. For
whole-field stimulation, the color of the whole screen was changed from
total black to total white for 1.5 s. Stimulation software was custom made
(in LabView; National Instruments, Austin, TX).

Application of reagents. To puff GABA, pipette containing 1 mM GABA
was placed �20 �m away from the recorded cell. Puffing pressure (6 psi,
30 ms duration) was applied by a Picospritzer (General Valve, Fairfield,
NJ). For local application of D-2-amino-5-phosphonovaleric acid (D-
APV), pipette containing D-APV (25 mM) prepared in pH 8.0 solution

was placed �20 �m away from the recorded cell. The holding current
was 4 nA, and the current for iontophoretic ejection was 40 nA. Ionto-
phoresis of the control medium without APV did not have any significant
effect on the spontaneous or evoked synaptic transmission (data not
shown). To obtain NMDA receptor-mediated synaptic currents, retinal
ganglion cell (RGC) fibers were electrically stimulated (0.5 ms voltage
step) through a glass electrode (5 �m opening) placed on the optic nerve
head (Zhang et al., 1998). 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (10 �M) and bicuculline methiodide (10 �M) were in the bath
solution to block AMPA and GABAA receptor-mediated responses.
NMDA currents were completely blocked when the iontophoresis pi-
pette was 20 �m away from the recorded cell (see Fig. 4 A) but were not
affected when the pipette was 100 �m away (data not shown). In addi-
tion, iontophoresis of a fluorescence dye (FITC-dextran) under the same
condition showed that the affected area was within a radius of 50 �m.
Because the distance between the retina and the contralateral tectum is
�500 �m, it is unlikely that the retina was affected. For recording min-
iature IPSCs (mIPSCs) before and after visual conditioning, local pres-
sure ejection of TTX and CNQX was applied to the tectum through a
glass pipette (5 �m opening) placed near the cell. The constant positive
pressure was provided by a pneumatic Picopump (World Precision In-
struments, Sarasota, FL). With a constant bath perfusion of fresh external
solution, light-evoked responses completely recovered within 10 min
after stopping the pressure ejection. To apply BDNF or Trk–IgG (Regen-
eron Pharmaceuticals, Tarrytown, NY), the preparation was first per-
fused with bath solution containing 0.1% BSA for 0.5 h. The reagent was
then applied to the bath solution, which was then recycled.

Data analysis. Miniature events were analyzed with Mini analysis soft-
ware (Synaptosoft, Decatur, GA). Light-evoked responses were analyzed
with a custom-written software (LabView). “Off” responses were ana-
lyzed in this study because they were usually larger and more consistent.
To measure the integrated charge of light-evoked synaptic currents, the
onset of evoked responses was first determined according to the average
trace of all events in each experiment. The integrated charge was quanti-
fied within a 250 ms window after the response onset for glutamatergic
currents and a 800 ms window for GABAergic currents. Integrated con-
ductance was calculated as integrated charge divided by �V, where �V is
the difference between the reversal potential of Cl � currents and the
command potential. Unpaired t test (two-tail) was performed for statis-
tics unless otherwise specified.

Results
Repetitive visual stimulation induces bidirectional
modifications of GABAergic input
We examined visually evoked synaptic currents in optic tectal
cells of young Xenopus tadpoles by using whole-cell recordings.
These tectal neurons receive both glutamatergic inputs from
RGCs and GABAergic inputs from local GABAergic interneurons
that are driven by RGC inputs (Rybicka and Udin, 1994; Tao and
Poo, 2005; Akerman and Cline, 2006; Lien et al., 2006) (Fig. 1A,
left). The glutamatergic and GABAergic components of visually
evoked synaptic responses were isolated by clamping the mem-
brane potential of the tectal cell at the reversal potential for Cl�

currents (Ei) (�70 to �75 mV) and glutamatergic currents (Ee)
(0 mV), respectively: at Ei to record glutamatergic compound
excitatory synaptic currents (cESCs) and at Ee to record GABAer-
gic compound inhibitory synaptic currents (cISCs). Consistent
with previous observations (Tao and Poo, 2005; Akerman and
Cline, 2006; Lien et al., 2006), the outward currents recorded at Ee

were completely blocked by picrotoxin or bicuculline and thus
were mediated by GABAA receptors (Fig. 1A, right). The magni-
tude of glutamatergic and GABAergic currents evoked by whole-
field light stimulation varies over a broad range during these early
stages, likely as a result of different maturation stages of the neu-
rons (Fig. 1B) (see Fig. 2D). This provides us an opportunity to
examine the relationship between GABAergic synaptic plasticity
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and the level of convergent glutamatergic
input during the early formation of func-
tional visual circuits.

To test activity-induced modification
of GABAergic input, repetitive visual stim-
ulation or “visual conditioning” was ap-
plied. To understand the impact of con-
vergent glutamatergic input, we compared
effects of visual conditioning between two
arbitrarily separated groups of tectal neu-
rons: those with weak and those with
strong glutamatergic input. As shown in a
representative cell recorded from a stage
40 – 41 tadpole, whole-field stimulation
applied to the retina (see Materials and
Methods) evoked a large cISC in this cell
when recorded at 0 mV, whereas cESC re-
corded at �70 mV was barely detectable
(Fig. 1C, left). This type of tectal cell re-
sponse with a dominating cISC was fre-
quently observed at early stages (40 – 43)
after RGC axons first arrive in the tectum
(stage 39) and may reflect an immature
stage of the tectum when functional gluta-
matergic synapses are yet to be established
in many tectal neurons (Wu et al., 1996).
In the meantime, it suggests that glutama-
tergic synapses made by RGC inputs on
GABAergic interneurons develop much
earlier than those on glutamatergic tectal
neurons. cISCs evoked by whole-field light
stimulation were first monitored at a low
testing frequency of 0.04 Hz (Fig. 1C,
right). After acquiring a stable baseline, the
recording was switched to current-clamp
mode, and repetitive light stimulation at a
higher frequency (0.4 – 0.5 Hz for 100
times) was applied. Because the reversal
potential of Cl� currents in our experi-
mental condition was close to the resting
membrane potential of the recorded tectal
neurons (�60 to �70 mV), in cells that
exhibited weak or nonsignificant glutama-
tergic responses, light stimulation caused
little change or sometimes small hyperpo-
larization of the membrane potential (Fig.
1C, right panel, top middle trace). After
visual conditioning, the recording was
switched back to voltage-clamp (0 mV)
mode to continue the monitoring of visu-
ally evoked cISCs. The integrated charge of
cICSs (see Materials and Methods) was de-
creased compared with the control period
before conditioning (Fig. 1C, right). A
summary of 13 similar experiments
showed an average 24.7 � 4.5% (mean �
SEM) reduction in cISC charges at 25–30
min after the conditioning (Fig. 1D, filled
symbols), whereas in the absence of visual
conditioning, cISCs monitored at the low
test frequency were stable over the course
of at least 45 min recording (Fig. 1D, open
symbols). These data demonstrate that, in

Figure 1. Visual conditioning-induced bidirectional plasticity of GABAergic input. A, Left, Schematic diagram of a feedforward
inhibitory circuit in the tectum. Local GABAergic interneurons (gray circle) receive excitatory drive from RGC inputs and make
connections with other tectal neurons. Right, Example synaptic responses in a stage 43 tectal cell, each evoked by a 1.5 s
whole-field light stimulus (represented by dark lines on top; On, change of screen color from black to white; Off, return to black)
and recorded at Vh of �70 and 0 mV, respectively. Bottom trace, Response recorded at 0 mV was blocked after bath application
of 100 �M picrotoxin. Calibration: 50 pA, 500 ms. B, Average integrated charges of whole-field light-evoked cISC and cESC at
different developmental stages (stg.) (n � 12, 14, 17, 6 for groups 1– 4). There is a significant decrease in cISC and a significant
increase in cESC from stage 40 – 41 to 45– 46 ( p � 0.05). C, Left, In this example cell of a stage 40 – 41 tadpole, visual stimulus
elicited a large cISC when recorded at 0 mV (bottom) but no significant glutamatergic response when recorded at �70 mV (top).
Calibration: 60 pA, 500 ms. Right, Normalized integrated charge of cISC before and after visual conditioning (marked by the black
arrow) in the same cell. Each data point was normalized to the control value (averaged during the 10 min period before the
conditioning). Circles represent each sampled cISC. Squares represent average value for four consecutive cISCs. Traces on top are
average responses (from 8 trials) before, during, and after conditioning, at times indicated by the open arrows. Calibration: 50
pA/20 mV, 250 ms. D, Summary of 13 similar experiments (filled symbols). Data represent mean � SEM. Open symbols are for
summary of nine control experiments in which cISCs were monitored continuously at Vh of 0 mV and at 0.04 Hz. E, Left, Light-
evoked cESC and cISC (single trial) in an example cell at stage 45– 46, recorded at �70 and 0 mV, respectively. Calibration: 40 pA,
200 ms. Right, Normalized integrated charge of cISC for the same cell before and after conditioning. Calibration: 40 pA/12 mV, 250
ms. F, Summary of 12 similar experiments. G, Top, Currents evoked by puffing GABA (indicated by the arrow) were completely
blocked by picrotoxin (100 �M). Calibration: 40 pA, 500 ms. Bottom, GABA-evoked currents recorded at six different membrane
potentials in an example cell. Each trace was average from three trials. Calibration: 30 pA, 200 ms. H, Current–voltage relationship
for GABA-evoked currents before and 10 –15 min after visual conditioning for the same cell. Data point represents average value
of five to eight trials. Lines are best fits using linear regression. Black line is for after conditioning. The reversal potential for Cl �

currents is taken as the x-intercept of the best-fit line. I, Measured Cl � equilibrium potentials in five experiments. The asterisk
indicates the cell that exhibited a dominating cISC. Bars are for mean � SEM.
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the absence of strong convergent glutama-
tergic input, visual conditioning reduced
visually evoked GABAergic responses,
consistent with a recent report on visually
induced depression of GABAergic input
(Lien et al., 2006).

Conversely, when tectal cells exhibited
much stronger visually evoked glutama-
tergic responses, often found at more ma-
ture stages (Fig. 1B), conditioning-
induced modification of cISCs was
switched to potentiation. In a representa-
tive cell recorded from a stage 45– 46 tad-
pole, a large cESC evoked by light stimula-
tion was observed when recorded at �70
mV (Fig. 1E, left). Under current clamp,
this cESC elicited robust membrane depo-
larization and spikes immediately before
the small hyperpolarization generated by
the GABAergic response (Fig. 1E, right
panel, top middle trace). After visual con-
ditioning, the integrated charge of cISC in
this cell was markedly increased (Fig. 1E,
right). Twelve similar experiments showed
an average 27.4 � 5.1% (mean � SEM)
increase in cISC charges (Fig. 1F). Al-
though membrane depolarization was ob-
served during conditioning in all cases
(12.8 � 5.5 mV), only a small portion of
cells (33%) exhibited consistent spikes
(�50% probability across 100 trials), sug-
gesting that postsynaptic spiking is not
necessary for the induction of potentiation of cISC (Maffei et al.,
2006). Similar repetitive visual stimuli have been shown to induce
a potentiation of glutamatergic input in a postsynaptic spiking-
dependent manner (Zhang et al., 2000; Lien et al., 2006). Our
present result suggests that potentiation of GABAergic input can
be associated with, but is independent of, potentiation of conver-
gent glutamatergic input.

Repetitive activity may cause a positive change in the chloride
equilibrium potential (ECl�), which can lead to an apparent
change of synaptic currents without changing synaptic conduc-
tance (Woodin et al., 2003; Fiumelli et al., 2005). By examining
the current–voltage relationship of GABA-evoked currents in
tectal cells (see Materials and Methods), we examined the ECl�

before and after applying visual conditioning (Fig. 1G). The cur-
rents evoked by puffing GABA were completely blocked by pic-
rotoxin (Fig. 1G, top) and thus were mediated by GABA recep-
tors, similar to light-evoked cISCs. We did not observe any
significant changes in the reversal potential of GABA-evoked cur-
rents after visual conditioning in cells with either type of response
(Fig. 1H, I). Therefore, under our whole-cell recording condi-
tions, the observed changes in GABAergic currents are attribut-
able to changes in synaptic conductance.

Dependency of GABAergic plasticity on the strength of
glutamatergic input
To more quantitatively determine the relationship between cISC
plasticity and the magnitude of coactivated convergent glutama-
tergic input, we plotted the percentage change (color coded) in
cISC after conditioning as a function of integrated charge of cESC
and cISC for all of the cells recorded in stage 40 – 47 tadpoles (Fig.
2A). The polarity of GABAergic plasticity appears to depend on

the magnitude of coactivated convergent glutamatergic input:
cISCs with associated cESC charges smaller than 1 pC mostly
underwent depression, whereas those with cESC charges larger
than 2 pC mostly exhibited potentiation. In addition, for cells
with similar cESC charges, the potentiation level is reduced with
an increase of cISC charges (Fig. 2A), suggesting that it may in
fact depend on the ratio between the magnitude of cESC and cISC
(E/I ratio). This becomes clearer when the level of plasticity is
plotted against the logarithm of the E/I ratio, i.e., Log(E/I) (Fig.
2B). There was an apparent transition point, above which cISCs
exhibited conditioning-induced potentiation of various levels.
Interestingly, the extent of potentiation exhibited a linear corre-
lation with Log(E/I) (correlation coefficient, r � 0.71; p � 0.001
in linear regression), whereas there was no apparent correlation
between the extent of depression and the E/I ratio (r � 0.08; p �
0.76). The best-fit line calculated for the potentiation level–
Log(E/I) relationship using linear regression (Fig. 2B, red line)
has an x-intercept of �1.3. We took this value as the estimated
threshold level of Log(E/I) for the induction of potentiation. Our
data demonstrate that, under certain sensory stimuli, the strength
of the GABAergic inputs can be upregulated according to the
relative magnitude of coactivated convergent glutamatergic
inputs.

Dependency of GABAergic plasticity on developmental stage
At stages before 43, recorded tectal neurons usually have weak
excitatory inputs that become stronger as tadpoles mature (Fig.
1B). This suggests that the polarity and level of GABAergic plas-
ticity may also depend on developmental stage. To demonstrate
this relationship, the E/I ratio and the level (positive or negative)
of GABAergic plasticity for the same group of neurons were plot-

Figure 2. Dependence of cISC plasticity on the level of coactivated convergent cESC and developmental stage (stg.). A, The
percentage change in average cISC charge (color coded, see the color scale on the right) at 20 –25 min after visual conditioning,
plotted as a function of the initial integrated charge of cESC and cISC. Each data point represents one individual experiment. B, The
percentage change in cISC charge is plotted against the logarithm of the ratio between cESC and cISC charges or Log(E/I ). The red
and blue lines represent best fits using linear regression for data points that have a Log(E/I ) value of lower and higher than �1.5,
respectively. The vertical dash line indicates the x-intercept of the red line. C, Distribution of Log(E/I ) values at different develop-
mental stages. Each data point represents one cell. Significant difference was observed between each pair of neighboring age
groups ( p � 0.01). D, Distribution of percentage changes in cISC charge after conditioning in the same group of cells.
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ted according to their developmental stages (Fig. 2C,D). Al-
though there is often a large variation in the E/I ratio from one age
group (likely because of the differential maturation status of cells
even in the same tectum), the developmental trend is clear: it
increases initially and reaches a peak at stage 45– 46 and then
appears to reduce at 47 (because of technical limitations, the
oldest stage examined for long-term plasticity study is stage 47).
Consistent with the developmental change in the E/I ratio, cISC
plasticity is initially dominated by depression. With the develop-
mental progression, potentiation becomes more prevalent, and
the level of potentiation increases. After reaching a peak at stage
46, the level of potentiation is reduced at older stages. The depen-
dence of GABAergic potentiation on the developmental stage
further supports the role of glutamatergic input in guiding
GABAergic modification.

GABAergic potentiation depends on a postsynaptic
induction mechanism
The induction of potentiation of cISC may be mediated through
a postsynaptic mechanism, because it depends on strong conver-
gent glutamatergic inputs. We first examined the involvement of
postsynaptic Ca 2	 increase, which has been shown to be neces-
sary for many forms of long-term plasticity of inhibitory trans-
mission (Llano et al., 1991; Kano et al., 1992; Komatsu, 1996;
Morishita and Sastry, 1996; Aizenman et al., 1998; Caillard et al.,
1999; Holmgren and Zilberter, 2001; Patenaude et al., 2003). To
effectively block Ca 2	 increase in the recorded tectal cell, we
included 10 mM BAPTA in the intrapipette solution (Tao et al.,
2001). The defined relationship between the polarity of cISC plas-
ticity and the relative strength of cESC (Fig. 2B) allows us to
categorize cells into “depression” or “potentiation” groups. In
our analysis, we used a Log(E/I) value of �1.3 as the separation
point between the two groups. For a group of cells with dominat-

ing cISCs [depression group, with the
Log(E/I) value lower than �1.3], loading
the postsynaptic cell with BAPTA had no
effect on the normal induction of depres-
sion (Fig. 3A,B). In contrast, for tectal cells
that belonged to the potentiation group
[with the Log(E/I) value higher than
�1.3], BAPTA completely blocked the in-
duction of potentiation, and instead de-
pression was induced (Fig. 3C,D). Thus,
the induction of potentiation of cISC de-
pends on an increase in postsynaptic Ca 2	

level, whereas depression does not. In ad-
dition, the switch of polarity of cISC plas-
ticity after BAPTA loading implies that po-
tentiation is achieved through competing
with a predominant depression process.
When potentiation is prevented, the de-
pression is revealed.

The dependence on NMDA receptors
NMDA receptors have been implicated in
some forms of GABAergic synaptic plas-
ticity (Komatsu and Iwakiri, 1993;
McLean et al., 1996; Wang and Stelzer,
1996; Lu et al., 2000; Ouardouz and Sastry,
2000). We next investigated whether
NMDA receptor activity is required for the
potentiation of the GABAergic inputs. Be-
cause RGCs also exhibit NMDA receptor-

mediated synaptic currents (Du and Poo, 2004), to avoid possible
interference with retinal circuits, we locally applied D-APV, a
specific blocker of NMDA receptors, to the tectal region by ion-
tophoresis (see Materials and Methods). As shown in Figure 4A,
with CNQX and bicuculline present in the bath solution, NMDA
receptor-mediated synaptic currents evoked by electrical stimu-
lation of optic fibers can be readily recorded in tectal neurons.
Immediately after iontophoresis of APV around the recorded
cell, the NMDA synaptic current was completely blocked. The
effect of APV was reversible: the NMDA current recovered within
minutes after stopping the iontophoretic ejection of APV when
fresh bath solution was constantly perfused. For a depression
group of cells, iontophoresis of APV during the conditioning
period effectively prevented the induction of depression (Fig.
4B,C), consistent with a recent report (Lien et al., 2006). Because
depression does not require an increase in postsynaptic Ca 2	 for
its induction (Fig. 3B), its dependence on NMDA receptors sug-
gests that this form of plasticity requires activation of those
NMDA receptors located at the presynaptic GABAergic neurons.

For a potentiation group of cells, APV also blocked the induc-
tion of potentiation (Fig. 4D,E). In contrast to the result ob-
served with BAPTA loading, there was no switch to depression,
consistent with the result that APV also blocked the induction of
depression. The requirement of both postsynaptic Ca 2	 increase
and activation of NMDA receptors suggests that the glutamater-
gic input-dependent potentiation of the GABAergic input was
induced through a postsynaptic NMDA receptor-dependent
mechanism. This was further confirmed by loading the tectal
cell with a use-dependent NMDA receptor blocker, MK-801
[(5S,10R)-(	)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]
cyclohepten-5,10-imine maleate] (1 mM) (Berretta and Jones,
1996; Lien et al., 2006). Because MK-801 can only have effects
when the cells are depolarized (Vh of 0 mV in our experiments)

Figure 3. Differential dependence of cISC plasticity on postsynaptic Ca 2	 increase. A, An example experiment in which 10 mM

BAPTA was loaded into a tectal cell, which had a dominating cISC. Data are presented as in Figure 1. Calibration: 100 pA/20 mV, 250
ms. B, Summary of nine experiments. Inset shows the distribution of Log(E/I ) values in these cells. The dotted vertical line
represents the estimated threshold Log(E/I ) value for the induction of potentiation. C, D, The effect of BAPTA loading in cells that
belong to the potentiation group. Data are presented as in A and B. Calibration: 50 pA/20 mV, 200 ms.
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and the leakage from the patch pipette was
cleared effectively by constantly perfusing
fresh bath solution, the postsynaptic load-
ing of MK-801 could only affect postsyn-
aptic NMDA currents. Similar to the effect
of postsynaptic loading of BAPTA, this
treatment prevented the induction of po-
tentiation and changed the polarity of
plasticity to depression (Fig. 4F,G).

The requirement of activation of
postsynaptic NMDA receptors for the
GABAergic potentiation suggests that glu-
tamatergic inputs play a role in both depo-
larizing the cell and supplying glutamate,
both of which are necessary for the activa-
tion of NMDA receptors (Mayer et al.,
1984; Nowak et al., 1984). As a test of this
idea, repetitive depolarizing current pulses
(0.1 nA, 200 ms) were injected into the
tectal cell, and three to four spikes were
elicited by each current pulse. This direct
depolarization of the tectal cell alone with-
out coupling visual stimuli was not suffi-
cient to induce any change of cISCs (Fig.
4H, I, DP). Moreover, for a depression
group of cells exhibiting dominating
GABAergic responses, visual conditioning
coupled with depolarizing current injec-
tion did not change the polarity of plastic-
ity, and cISCs still exhibited depression
(Fig. 4H, DP	L). Conversely, for a poten-
tiation group of cells, visual conditioning
with each stimulus coupled with hyperpo-
larizing current injection (1–10 nA, 200 ms)
that prevented membrane depolarization
induced depression instead of potentia-
tion (Fig. 4 I, HP	L). Together, these data
support the idea that glutamatergic input
during repetitive visual stimulation not
only drives postsynaptic depolarization
but also provides glutamate to activate
abundant postsynaptic NMDA receptors,
resulting in the potentiation of convergent
GABAergic input.

Potentiation and depression are associated with changes in
presynaptic release
Because the recorded GABAergic currents are disynaptic (Tao et
al., 2005; Akerman and Cline, 2006; Lien et al., 2006), the ob-
served cISC plasticity can be simply explained by a change in the
excitatory drive of presynaptic GABAergic neurons. To deter-
mine whether the observed cISC plasticity was associated with
changes in GABAergic synapses made on the recorded tectal neu-
rons, we examined mIPSCs before and after induction of cISC
plasticity (Fig. 5A,C). Compared with control experiments in
which no visual conditioning was applied, conditioning-induced
potentiation of cISC was accompanied by an increase in mIPSC
frequency, whereas decreased mIPSC frequency was observed af-
ter induction of depression (Fig. 5B,D,E). The amplitude of mIP-
SCs was not changed significantly after either potentiation or
depression (Fig. 5E).

Because the strength of action-potential-dependent synaptic
transmission may not always be in parallel with the frequency of

miniature synaptic currents, we further analyzed electrically
evoked IPSCs after induction of plasticity with high-frequency
stimulation. With CNQX present in the bath solution, a concen-
tric bipolar electrode placed in the deep layers of the rostral tec-
tum (Lien et al., 2006) could evoke monosynaptic IPSCs, which
represent inputs from directly activated GABAergic interneu-
rons. Under this condition, theta-burst stimulation (TBS), a type
of burst activity that likely occurs under visual stimuli (Tao et al.,
2001), induced depression of these GABAergic synapses (Fig.
6A,B), consistent with previous results (Lien et al., 2006). The
increase in both the coefficient of variance (CV) and the failure
rate after induction (Fig. 6C,D) supports that this depression is
attributable to a reduction of presynaptic release probability
(Manabe et al., 1993). Our control experiments indicate that the
CV analysis is a reliable assay for reduced presynaptic release,
because CV was increased when external Ca 2	 concentration was
lowered but was unaffected when only postsynaptic sensitivity
was reduced by bicuculline (Fig. 6C).

When CNQX was washed out, evoked EPSCs were also ob-
served, which primarily represent activated RGC inputs. TBS ap-

Figure 4. Depression and potentiation of cISCs depend on NMDA receptors located at presynaptic and postsynaptic cells,
respectively. A, Example NMDA receptor-mediated synaptic currents recorded at 	55 mV, with CNQX (10 �M) and bicuculline
(BMI; 10 �M) present in constantly perfused bath solution. Currents were evoked by the electrical stimulation of the optic fibers.
Traces are average of 10 trials before (top) and after (middle) local iontophoresis of APV and 3 min after the beginning of the
washout of APV (bottom). Calibration: 50 pA, 200 ms. B, An example experiment in a cell with a dominating cISC. APV was
iontophoretically applied to the tectum during the course marked by the white bar. Calibration: 10 pA/10 mV, 250 ms. C, Summary
of six experiments. The distribution of initial Log(E/I ) values is shown in the inset. D, E, The effect of iontophoretic application of
APV on the induction of potentiation of cISCs (n � 7). Calibration: 50 pA/20 mV, 200 ms. F, G, The effect of postsynaptic loading
of MK-801 (1 mM) on the induction of potentiation (n � 8). Calibration: 20 pA/20 mV, 200 ms. H, I, Summary of depression and
potentiation of cISCs under various conditions. Bars represent normalized changes of cISC charges after visual conditioning
(mean � SEM). LTD, Long-term depression; DP, 100 depolarizing current injections (200 ms) at 0.4 Hz; DP	L, repetitive light
stimuli with each coupled with a 200 ms depolarizing current injection; LTP, long-term potentiation; HP	L, repetitive light
stimuli with each coupled with a 200 ms hyperpolarizing current injection. The number of experiments in each group is labeled in
each bar. *p � 0.01.
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plied in the absence of CNQX, in contrast, could induce poten-
tiation of monosynaptic IPSCs, which were monitored in the
presence of CNQX after TBS (Fig. 6E,F). The decrease in CV and
in paired-pulse ratio (PPR) is consistent with an increase in pre-
synaptic release after potentiation, because the control experi-
ment with increased external Ca 2	 concentration produced sim-
ilar changes in CV and PPR (Fig. 6G,H). Together with the
changes in the frequency but not the amplitude of mIPSCs, these
results suggest that the observed depression and potentiation of
the GABAergic input can be attributed, at least partially, to
changes in presynaptic GABAergic release.

Potentiation depends on presynaptic
TrkB signaling
Because potentiation of cISCs involves a
postsynaptic induction mechanism and an
increase in presynaptic GABAergic release,
a retrograde messenger is necessary for sig-
naling postsynaptic activity back to the
presynaptic terminal. BDNF, a candidate
retrograde signal, can rapidly modulate
GABAergic synaptic strength (Schuman,
1999; Schinder and Poo, 2000). It is also
known to be important for the maturation
of GABAergic neurons and synapses
(Marty et al., 1997; Huang et al., 1999;
Jiang et al., 2005; Itami et al., 2007). It has
been reported that endogenous BDNF is
required for depolarization-induced po-
tentiation of spontaneous GABAergic cur-
rents in the developing rat hippocampus
(Gubellini et al., 2005). BDNF is expressed
in the Xenopus tectum, and its messenger
RNA peaks at stage 45/46 (Cohen-Cory et
al., 1996). Because neuronal release of
BDNF is Ca 2	 dependent (Balkowiec and
Katz, 2002), it is possible that Ca 2	 influx
through postsynaptic NMDA receptors
triggers dendritic release of BDNF, which
then leads to potentiation of GABAergic
synapses on the same postsynaptic cell. To
determine the role of endogenous BDNF
and its receptor TrkB, we first tested the
effect of blocking TrkB signaling with
K252a, a membrane-permeant inhibitor
of Trk receptor-mediated protein tyrosine
kinase activity (Knusel and Hefti, 1992;
Ross et al., 1995). K252a (200 nM) was bath
applied at least 30 min before the onset of
recordings. For a potentiation group of
cells, this treatment switched the polarity
of plasticity to depression (Fig. 7A,B). To
explicitly test the role of TrkB signaling, we
preincubated the tadpole preparation in
the bath solution containing TrkB–IgG (2
�g/ml) for at least 1 h before the record-
ings. TrkB–IgG is a fusion protein of the
extracellular domain of TrkB and the Fc
domain of human IgG and is used as scav-
enger for extracellular BDNF to prevent
activation of endogenous TrkB receptors
(Shelton et al., 1995). Like K252a, TrkB–
IgG effectively blocked the potentiation of
cISCs and revealed an underlying depres-

sion (Fig. 7C,D). In contrast, preincubation of TrkC–IgG to se-
quester the endogenous TrkC ligand neurotrophin 3 had no ef-
fect on the normal induction of potentiation (Fig. 7D). These
results indicate that activation of endogenous TrkB receptors is
required for glutamatergic input-dependent potentiation of
cISCs. To further identify whether TrkB receptors of presynaptic
or postsynaptic location mediate the potentiation effect, we
blocked postsynaptic TrkB receptors by loading the postsynaptic
cell with K252a (200 nM). This manipulation had no effect on the
normal induction of potentiation (Fig. 7B, open symbols), sug-
gesting that potentiation is mediated by presynaptic TrkB recep-

Figure 5. Depression and potentiation of cISCs are associated with changes in presynaptic release. A, Top, Experimental
procedure for monitoring mIPSCs before and after visual conditioning (Cond.). The recording session is 8 –10 min for mIPSCs and
5–10 min for cISCs. The washout session is 10 min. Bottom, Example traces for recording from a stage 42 cell (Vh of 0 mV) of mIPSCs
and light-evoked cISCs (average from 8 trials) before and after visual conditioning. Calibration: left, 10 pA, 500 ms; right, 50 pA,
200 ms. B, Cumulative distribution of interevent intervals and amplitudes of mIPSCs recorded before and after the induction of
depression in the cell. C, D, An example experiment (stage 45) in which potentiation of cISC was induced. Data are presented as in
A and B. Calibration: left, 10 pA, 500 ms; right, 20 pA, 200 ms. E, Summary of normalized mIPSC frequency and amplitude after
visual conditioning. In control experiments, no conditioning was applied. Right, Distribution of Log(E/I ) values for these three sets
of experiments. c, Control; d, depression; p, potentiation. **p � 0.01.
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tors, which is consistent with the associ-
ated presynaptic change (Figs. 5, 6).

BDNF potentiates presynaptic
GABAergic release
We next examined the effect of exogenous
BDNF on GABAergic transmission. mIP-
SCs were recorded in the presence of TTX
and glutamate receptor blockers CNQX
and D-APV. Bath application of BDNF
(100 ng/ml) rapidly increased the fre-
quency of mIPSCs (Fig. 8A,B,D). Con-
versely, neither the amplitude of mIPSCs
(Fig. 8C,E) nor the time course of mIPSCs
was affected (rise time was 1.55 � 0.08 ms
before and 1.69 � 0.14 ms after BDNF ap-
plication, n � 5, p � 0.3, paired t test; de-
cay time constant was 14.1 � 0.7 ms before
and 14.8 � 0.9 ms after BDNF, p � 0.24).
Overall, there was a 29 � 6% increase in
mIPSC frequency 10 –20 min after the ap-
plication of BDNF (Fig. 8E). This effect
appears to last for at least 30 min (Fig. 8D).
The presence of K252a completely abol-
ished this effect (Fig. 8E), further suggest-
ing that it was mediated through TrkB re-
ceptor signaling. K252a, by itself, had no
effect on either the frequency or the ampli-
tude of mIPSCs (frequency, 97 � 7% of
control value; amplitude, 96 � 4% of con-
trol value; n � 3). The effect of BDNF on
mIPSC frequency suggests that BDNF may
enhance GABAergic release at these devel-
oping synapses by increasing either release
probability or the number of functional
release sites.

Because there is evidence that sponta-
neous and evoked vesicular release can be
independently regulated (Broadie et al., 1994; Geppert et al.,
1994; Schoch et al., 2001), we further examined the effect of
BDNF on evoked GABAergic transmission. We found that appli-
cation of BDNF alone did not change the baseline of monosyn-
aptic IPSCs (Fig. 8F, open symbols). However, when TBS was
applied to GABAergic synapses in the presence of BDNF, they
became potentiated (Fig. 8F, filled symbols), in contrast to being
depressed when TBS was applied in the absence of BDNF (Fig.
6A,B). This suggests that only strongly activated GABAergic syn-
apses are susceptible to BDNF-facilitated potentiation. The re-
duction in CV and PPR after the potentiation indicates that pre-
synaptic changes have occurred (Fig. 8G,H). Together, our
results strongly support the role of BDNF and TrkB signaling in
mediating visual conditioning-induced GABAergic potentiation.

Discussion
The major finding of this study is that repetitive visual stimuli can
modulate GABAergic input to tectal neurons bidirectionally,
with the direction of modification determined by whether there is
accompanied strong convergent glutamatergic input. When
light-evoked synaptic responses are dominated by GABAergic
responses, repetitive stimuli will cause depression of these re-
sponses. When GABAergic inputs are coactivated with strong
convergent glutamatergic inputs, they will become potentiated,
or at least be prevented from depression, after repetitive stimuli.

The level of GABAergic potentiation highly correlates with the
ratio between the strength of convergent glutamatergic and
GABAergic inputs. Our results suggest that glutamatergic input
can take an active role in sculpting developing GABAergic
connections.

Differential induction mechanisms for GABAergic
potentiation and depression
We have identified two separate signaling pathways that can ac-
count for the potentiation and depression of GABAergic input.
Depression is mediated by NMDA receptors located on the pre-
synaptic GABAergic neurons. It has been suggested that high-
frequency-stimulation-induced depression of GABAergic syn-
apses is mediated by presynaptic NMDA receptors located at
GABAergic terminals and that spilled glutamate from nearby glu-
tamatergic terminals can activate these receptors (Lien et al.,
2006). Although we observed a reduction of GABAergic release
after induction of depression, which is consistent with a role of
terminal NMDA receptors, we cannot exclude the possibility that
NMDA receptors located on the dendrites of presynaptic
GABAergic neurons mediate this effect. Especially considering
that GABAergic neurons in the optic tectum also make dendro-
dendritic synapses (Streit et al., 1978), it is possible that activation
of dendritic NMDA receptors on these neurons initiates a signal-
ing cascade that directly leads to a change in release probability at

Figure 6. Electrically induced long-term depression (LTD) and long-term potentiation (LTP) of GABAergic synapses. A, An
example experiment in which long-term depression of monosynaptic IPSCs was induced by TBS (4 pulses at 100 Hz in one burst,
10 bursts at 4 Hz). Electrically evoked IPSCs were sampled (Vh of 0 mV) in the presence of CNQX. Top, Average traces (from 8 trials)
for IPSC before and after TBS, as well as for membrane potential response to one burst (middle). Calibration: 10 pA/10 mV, 20 ms.
B, Summary of six experiments, performed in stage 41– 46 tadpoles. **p�0.01, paired t test. The white bar represents that CNQX
was present throughout the experiment. C, Circles, Ratio of 1/CV 2 of IPSC amplitude (after/before), plotted against the mean IPSC
at 20 –30 min after TBS (normalized by the mean value before TBS). Triangles and crosses, Similar analysis for control experiments
when postsynaptic GABAA receptors were partially blocked by 0.2 �m bicuculline (Bic) and when release probability was reduced
by applying low Ca 2	 external solution (1 mM Ca 2	, 3.5 mM Mg 2	), respectively. D, Synaptic failure rate before and after the
induction of long-term depression. *p � 0.02. E, Long-term potentiation was induced when CNQX (represented by white bars)
was washed out and strong glutamatergic currents were present during TBS. Top middle trace shows the evoked excitatory
current. Calibration: 20 pA, 20 ms for current; 5 mV, 50 ms for potential. F, Summary of five similar experiments, all performed in
stage 45– 46 tadpoles. Peak amplitude of evoked EPSC was 99.4 � 10.2 pA in these cases. To quantify the E/I ratio, synaptic
current charge within a 90 ms window was measured for the evoked EPSCs and IPSCs in the absence of CNQX. G, Ratio of 1/CV 2

plotted against that of mean IPSC amplitude for electrically induced long-term potentiation (circles) and under the condition that
release probability was increased by 10 mM Ca 2	 (crosses). H, Paired-pulse ratio (measured as the ratio of the peak amplitude of
the second response vs that of the first response) before (gray) and after (black) TBS-induced long-term potentiation and increas-
ing external Ca 2	 concentration to 10 mM. PPR is 1.55 � 0.13 before and 1.09 � 0.10 after LTP ( p � 0.046, one-tailed paired
t test) and was 1.16 � 0.19 before and 0.77 � 0.10 after high Ca 2	 ( p � 0.042). Top, Example traces for IPSC (average of 20)
before (gray) and after (black) TBS-induced long-term potentiation. Calibration: 20 pA, 50 ms.
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nearby dendrodendritic synapses. More detailed investigation is
needed to test this possibility, which is beyond the scope of this
study.

Potentiation, conversely, is induced through a postsynaptic
mechanism, because blocking postsynaptic Ca 2	 increase or
postsynaptic NMDA receptors prevents its induction. Conver-
gent glutamatergic input provides glutamate and membrane de-
polarization, the coincidence of which is required to activate
NMDA receptors (Mayer et al., 1984; Nowak et al., 1984). The
requirement of depolarization and glutamate release is supported
by the results that, in the presence of strong glutamatergic input,
hyperpolarizing current injection prevents the induction of
GABAergic potentiation and that depolarizing the tectal cell with
current injection alone fails to induce any change in GABAergic
input. It is worth noting that we only measured the strength of
AMPA receptor-mediated responses. Silent synapses are in fact
present in this retinotectal system, and it is thought that develop-
mental strengthening of glutamatergic synapses can be attributed
to insertion of AMPA receptors to postsynaptic sites (Wu et al.,
1996). However, because AMPA/NMDA ratio in glutamatergic
responses increases by �40% from stage 40 to 49 (Akerman and
Cline, 2006) and the size of visually evoked AMPA responses
increases by �14-fold from stage 40 to 46 (Fig. 1B), the latter
increase must be mainly attributed to a large increase in the num-
ber of glutamatergic synapses activated by visual input on a tectal
cell. Therefore, visually evoked NMDA currents at stage 40 are
likely much weaker than at stage 46. This is supported by the
result that, in cells with dominating GABAergic inputs, coupling
visual conditioning with depolarizing current injection still in-
duced depression of these inputs, consistent with the notion that
some threshold level of glutamatergic input is required for
potentiation.

In the present study, whole-cell recordings were used, which
perturbed the intracellular Cl� concentration. As in other devel-
oping systems (Ben-Ari, 2002), neurons in the tectum exhibit a

developmental shift in the Cl� equilibrium potential (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). Therefore, at stages examined in this study, GABAergic
currents can be depolarizing. Considering that depolarizing
GABAergic currents facilitate NMDA receptor-mediated trans-
mission (Akerman and Cline, 2006), the bona fide threshold of
glutamatergic input strength for GABAergic potentiation is likely
lower than reported in this study, although the basic conclusion
still holds.

Our findings do not contradict a previous study in which only
GABAergic depression was observed after repetitive visual stim-
uli (Lien et al., 2006). The latter study did not hold specific infor-
mation on the strength of glutamatergic responses associated
with the GABAergic inputs under examination or the age of tad-
poles used, although we found that GABAergic plasticity is highly
dependent on the strength of convergent glutamatergic input and
developmental stage. In addition, because perforated patching
was used in the previous study, any potential activity-dependent
acute shift in the Cl� equilibrium potential (Woodin et al., 2003;
Fiumelli et al., 2005) may have obscured the effect of potentiation
of synaptic conductance.

Heterosynaptic interaction and reversal of plasticity sign
Because depression is induced presynaptically and repetitive
stimuli alone are sufficient for its induction, synaptic depression
tends to dominate plastic changes in GABAergic inputs to tectal
cells. Indeed, it was always revealed when the induction of poten-
tiation was prevented. Both depression and potentiation are as-
sociated with a change in presynaptic release: release probability
and/or the number of functional release sites are reduced in the
case of depression but increased in the case of potentiation. This
suggests that depression and potentiation are two competing
processes. Once the potentiation process is initiated, it can over-
ride the depression process. TrkB signaling plays an important
role in this reversal of plasticity sign. We demonstrated that acti-
vation of TrkB receptors located at the presynaptic neurons is
required for the induction of potentiation. BDNF, the highly
expressed ligand of TrkB receptors in the brain, is likely to acti-
vate these receptors during the induction. Our data suggested a
model of heterosynaptic modulation of GABAergic synapses by
glutamatergic input: activation of NMDA receptors at glutama-
tergic synapses on tectal cell dendrites leads to Ca 2	 influx, which
may be further amplified; at early developmental stages, the
postsynaptic Ca 2	 increase can spread to larger dendritic do-
mains (Tao et al., 2001); and Ca 2	 increase leads to BDNF release
by the postsynaptic cell, which acts on TrkB receptors at GABAer-
gic terminals and initiates signaling that leads to an increase in
evoked GABAergic release. Interestingly, only strongly activated
GABAergic synapses can be potentiated by BDNF, suggesting
that only those GABAergic synapses coactivated with glutamater-
gic input during visual stimuli are susceptible to BDNF effect.
Such activity-dependent potentiation can be attributable to
activity-dependent enhancement of TrkB tyrosine kinase activity
(Nagappan and Lu, 2005) and provides a mechanism for
pathway-specific upregulation of GABAergic input. How TrkB
signaling overrides the depressive signals generated in the presyn-
aptic neuron remains to be further investigated.

Implication for the functional development of
GABAergic circuits
The glutamatergic input-dependent bidirectional plasticity re-
vealed in this study can modulate the development of GABAergic

Figure 7. Presynaptic TrkB signaling is required for the induction of potentiation of cISC. A,
An example experiment in which K252a was constantly present in the bath solution. Calibra-
tion: 50 pA/30 mV, 400 ms. B, Summary of experiments in which K252a was applied in the bath
solution (filled symbols; n � 5) and those in which K252a was loaded into the postsynaptic cells
(open symbols; n � 8). The distribution of Log(E/I ) values in these experiments is shown in the
inset. C, An example experiment in which the tadpole was preincubated with TrkB–IgG (2
�g/ml) for at least 1 h. Calibration: 40 pA/20 mV, 400 ms. D, Summary of six experiments with
TrkB–IgG (filled symbols) and five experiments with TrkC–IgG (open symbols) preincubation.
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circuits in two ways. First, previous data
have shown that GABAergic synapses in
the tectum undergo a downregulation at
early developmental stages, which is ac-
companied by the strengthening of glu-
tamatergic synapses (Tao and Poo, 2005)
(Fig. 1 B). Recent evidence also shows
that the number of GABAA receptors on
the soma-proximal dendrites reduces
with age in the mouse visual cortex
(Katagiri et al., 2007). In view of differ-
ent time courses for the development of
GABAergic and glutamatergic synapses
(i.e., GABAergic synapses are formed be-
fore glutamatergic synapses) (Tyzio et
al., 1999; Ben-Ari, 2002), our data sug-
gest that GABAergic synapses can be
modulated by different plasticity pro-
cesses at different maturation stages of
the neuron. Shortly after RGC axons
have arrived in the tectum, GABAergic
synapses tend to undergo depression un-
der visual stimulation. As glutamatergic
inputs become much stronger, conver-
gent and coincident GABAergic inputs
can undergo potentiation, which will
counteract the predominant depressive
effect. Because the final plasticity effect
depends on the ratio between the magni-
tudes of GABAergic and glutamatergic
inputs, eventually a relatively stable ratio
between these two inputs may be
achieved, as reflected by a smaller varia-
tion in the E/I ratio at mature stages
(Fig. 2C).

Second, this bidirectional GABAergic
plasticity may contribute to the formation
of topographically identical excitatory and
inhibitory receptive fields observed in ma-
ture brain circuits (Wehr and Zador, 2003;
Zhang et al., 2003; Tan et al., 2004). Such
identically tuned excitatory and inhibitory
synaptic receptive fields can result from a
progressive activity-dependent matching
process (Tao and Poo, 2005). GABAergic
plasticity observed in this study may serve
as a potential synaptic mechanism under-
lying such receptive field matching. Be-
cause inhibitory inputs associated with
strong excitatory inputs have a higher
probability of undergoing potentiation
and those associated with weak excitatory
inputs have a higher tendency of being de-
pressed, after repeated and separate activa-
tion of these inputs (e.g., through motion stimuli or retinal
waves), the changes in their strengths will result in a better cor-
relation with their associated excitatory inputs activated by a
same stimulus.

Together, the glutamatergic input-dependent scaling of
GABAergic synapses described in this study may engage in
activity-dependent sculpting of inhibitory circuits during devel-
opment and contribute to the formation of correlated or func-
tionally balanced excitatory and inhibitory inputs.
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