
Neuron, Vol. 45, 917–928, March 24, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.neuron.2005.01.033

Timing and Specificity
of Feed-Forward Inhibition
within the LGN
Dawn M. Blitz and Wade G. Regehr*
Neurobiology Department
Harvard Medical School
Boston, Massachusetts 02115

Summary

Local interneurons provide feed-forward inhibition
from retinal ganglion cells (RGCs) to thalamocortical
(TC) neurons, but questions remain regarding the tim-
ing, magnitude, and functions of this inhibition. Here,
we identify two types of inhibition that are suited to
play distinctive roles. We recorded excitatory and in-
hibitory postsynaptic currents (EPSCs/IPSCs) in TC
neurons in mouse brain slices and activated indivi-
dual RGC inputs. In 34% of TC neurons, we identified
EPSCs and IPSCs with identical thresholds that were
tightly correlated, indicating activation by the same
RGC. Such “locked” IPSCs occurred 1 ms after EPSC
onset. The remaining neurons had only “nonlocked”
inhibition, in which EPSCs and IPSCs had different
thresholds, indicating activation by different RGCs.
Nonlocked inhibition may refine receptive fields within
the LGN by providing surround inhibition. In contrast,
dynamic-clamp recordings suggest that locked inhi-
bition improves the precision of synaptically evoked
responses in individual TC neurons by eliminating se-
condary spikes.

Introduction

Visual information is encoded in the firing patterns of
retinal ganglion cells (RGCs) and is transmitted to thala-
mocortical (TC) neurons in the lateral geniculate nu-
cleus (LGN) of the thalamus. Each TC neuron receives
powerful synaptic contacts from one to three RGCs
(Chen and Regehr, 2000; Hamos et al., 1987; Usrey et
al., 1999). Although the visually evoked responses of
each TC neuron are dominated by these inputs, inter-
neurons within the LGN provide feed-forward inhibition
that further regulates these responses (Berardi and
Morrone, 1984; Holdefer et al., 1989; Hu et al., 2000;
Norton and Godwin, 1992; Sillito and Kemp, 1983).

One important function of inhibitory interneurons
within the LGN may involve shaping TC neuron recep-
tive fields. The more pronounced center-surround in-
hibition observed in TC neurons relative to RGCs
suggests that LGN interneurons may contribute to sur-
round inhibition (Norton and Godwin, 1992; Norton et
al., 1989; Sillito and Kemp, 1983). Although it has been
difficult to study this inhibition directly, receptive field
properties suggest that RGC activation of interneurons
results in inhibition that spreads to TC neurons beyond
those directly activated by RGCs.

Interneurons within the LGN may also provide pre-
cisely timed inhibition to specific TC neurons and
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thereby regulate the firing of TC neurons. This would
have important implications for the timing of visually
evoked postsynaptic responses. Previous studies of in-
hibition in brain slice preparations have demonstrated
that disynaptic inhibition can be elicited by extracellular
optic tract stimulation (Crunelli et al., 1988; Hirsch and
Burnod, 1987; Soltesz and Crunelli, 1992; Ziburkus et
al., 2003). However, in these experiments many RGC
axons were coactivated; the resulting inhibition differs
from that occurring under physiological conditions.
Specifically, the relative timing of excitatory and inhibi-
tory inputs is difficult to interpret due to simultaneous
activation of RGC axons that may not normally be acti-
vated synchronously, particularly since the conduction
velocities of these axons show considerable variability
(Stanford, 1987; Stone and Fukuda, 1974). Use-depen-
dent synaptic plasticity can shape the strength of inhib-
itory currents during trains of activity, further complicat-
ing measurements of the magnitude of inhibition under
physiological conditions. Consequently, the magnitude
and timing of inhibition under physiological conditions
and its functional consequences remain unknown. More-
over, these are general issues that have limited our un-
derstanding of the functional role of inhibition in many
brain regions.

The functional consequences of feed-forward inhibi-
tion are determined not only by properties of the inhibi-
tion, but also by properties of the postsynaptic neu-
rons. One important feature of TC neurons is their
ability to function in either tonic or burst mode. In burst
mode, which is most prominent during sleep, excitatory
inputs elicit calcium spikes that are generated by T-type
calcium channels, which leads to burst firing (Jahnsen
and Llinas, 1984; Sherman, 2001). In tonic mode, which
is most prominent in the waking state, the potential
of the neurons is sufficiently depolarized to inactivate
T-type calcium channels (Sherman, 2001). The influ-
ences of inhibitory currents are likely to differ between
these two response modes.

In this study, we characterized feed-forward inhibi-
tion within the LGN, but made use of the fact that each
TC neuron receives a small number of large excitatory
inputs from RGCs that can be activated in isolation
(Chen and Regehr, 2000). This approach allowed us to
identify two distinct forms of inhibition. In a subset of
neurons, the IPSC and EPSC had the same threshold,
indicating that both arose through activation by the
same RGC. Moreover, the IPSC faithfully followed the
EPSC with a latency of 1 ms. These properties of
locked inhibition suggest the involvement of a synaptic
specialization within the LGN, known as the triad
(Hamos et al., 1985; Ohara et al., 1983; Rafols and
Valverde, 1973; Wilson et al., 1984) (see Discussion).
In the remaining neurons, inhibition was not locked to
excitation, suggesting that it might be important in
mediating surround inhibition. We refer to these forms
of inhibition as “locked” and “nonlocked” inhibition,
respectively. Although both types of inhibition were
depressed during realistic activity patterns, this de-
pression was more pronounced for locked IPSCs. Dy-
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namic-clamp experiments indicated that locked inhibi-
tion has little influence on responses in burst mode.
However, in tonic mode, locked inhibition controlled the
number of spikes, prevented burst firing, and increased
precise spiking. These findings indicate that interneu-
rons within the LGN can increase the precision of re-
sponses in specific TC neurons.

Results

Extracellular stimulation of RGC axons and whole-cell
voltage-clamp recordings of TC neurons were used to
study disynaptic inhibition in the LGN of P26–P32 mice
(Figure 1A). At this age, RGC input to each TC neuron
is dominated by one to three strong inputs (Chen and
Regehr, 2000). RGC axons were stimulated within the
optic tract (Figure 1A), and monosynaptic glutamater-
gic currents mediated by AMPA receptors and disyn-
aptic currents mediated by GABAA receptors were re-
corded in TC neurons. Experiments were performed
under conditions in which feedback inhibition from the
reticular nucleus (nRT) was eliminated by isolating
the LGN from the nRT, which left interneurons within
the LGN as the only remaining source of inhibition
(Steriade et al., 1997).

Our internal solution allowed separation of AMPA and
GABAA currents, and we blocked NMDA currents to
better isolate inhibitory currents. We found that a single
RGC stimulus elicited a fast inward current followed by
a slower outward current at a holding potential of −10
mV (Figure 1B, middle). At −60 mV, the short-latency
inward current was observed in isolation (Figure 1B,
bottom), while at +10 mV, the longer-latency outward
current was observed in isolation (Figure 1B, top). In
this example neuron, the current-voltage relationship of
the AMPA component reversed at 10 mV, while the late
component reversed at −60 mV, consistent with a Cl−

mediated GABAA current (Figure 1C). The late compo-
Fnent was eliminated by the GABAA receptor antago-
T

nists bicuculline (5–20 µM) (−0.03% ± 0.05% of control,
(

n = 3) and picrotoxin (20 µM) (−0.003% ± 0.024% of s
control, n = 4) (data not shown). Thus, the late compo- l
nent is a GABAA receptor-mediated IPSC. Because the r

sstimulus electrode was located in the optic tract greater
tthan 1 mm from the LGN, interneurons could not be
ractivated directly, so that the IPSCs must be disynaptic
s

responses resulting from RGC axons activating inter- d
neurons within the LGN. Additionally, the AMPA antago- I
nist NBQX (2–5 µM) blocked the EPSC (4.1% ± 0.3% of a

Icontrol) and eliminated the IPSC (0.4% ± 3.4% of con-
(trol, n = 4) (data not shown).
j
S

Locked and Nonlocked Inhibition G
Extracellular stimulation within the optic tract can acti- r
vate a variable number of RGC axons, depending on
the stimulus intensity and the threshold of RGC fibers.
Some RGCs may elicit disynaptic inhibition by activa- f

fting interneurons that synapse onto the TC that is acti-
vated by the same RGC. However, disynaptic inhibition i

athat influences a particular TC neuron might also arise
from the activation of interneurons by RGCs that con- I

ttact other TC neurons. We therefore performed experi-
ments to distinguish between these possibilities. We a
igure 1. EPSCs and IPSCs Have Identical Stimulus Intensity
hresholds in a Subset of TC Neurons

A) A schematic of the slice preparation illustrates recording and
timulation locations. Abbreviations: dLGN, dorsal lateral genicu-

ate nucleus; vLGN, ventral lateral geniculate nucleus. (B) Example
ecordings of synaptic currents elicited by RGC activation at the
ame stimulus intensity, but recorded at three different holding po-
entials, are shown. Each trace is the average of five trials. The
egions of the synaptic currents used for analysis and the corre-
ponding symbols are shown above the traces in (B). (C) Voltage
ependence of the amplitudes of the EPSC (closed circles) and

PSC (open circles) elicited by RGC activation. Each point is the
verage of five trials from the cell shown in (B). (D and F) EPSC and

PSC amplitudes are plotted as a function of stimulus intensity
HP = −10 mV). Averages of five trials recorded just before (1) and
ust after (2) reaching EPSC threshold are shown above each graph.
timulus artifacts have been blanked for clarity in all traces. (E and
) Schematics are shown to illustrate the likely circuitry underlying

esults in (D) and (F). T = 36–38°C.
irst varied stimulus intensity and examined threshold
or activation of EPSCs and IPSCs. We reasoned that
f the same RGC input was responsible for direct TC
ctivation and for disynaptic inhibition, then EPSC and

PSC activation should have the same threshold (i.e.,
he threshold for activation of the RGC). If an EPSC and
n IPSC had distinct thresholds, it would indicate that
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the IPSC was due to interneuron activation by RGCs
that did not directly synapse onto the TC neuron.

We found that varying stimulus intensity revealed
that synaptic inputs to TC neurons exhibited two dis-
tinct types of behaviors as typified by the two cells
shown in Figures 1D and 1F. Stimulus electrode place-
ment and stimulus intensity were adjusted in order to
isolate a single large-amplitude excitatory RGC input to
a TC neuron. We then examined the currents elicited
by a range of stimulus intensities. In some cells, we
found that inhibition was elicited at lower stimulus in-
tensities than the excitatory inputs (Figure 1D). In this
example, the IPSC amplitude continued to increase
with increasing stimulus intensity, while there was only
one discrete step increase in amplitude for the EPSC
(Figure 1D). In this cell, a discrete change in the IPSC
did not occur at the threshold for EPSC activation, and
the average IPSC just below the EPSC threshold was
very similar to the average IPSC elicited above the
EPSC threshold (Figure 1D, top). This behavior sug-
gested that inhibition in this neuron was elicited by acti-
vation of RGCs that do not synapse onto the recorded
TC neuron (nonlocked), as illustrated in the schematic
in Figure 1E.

A very different circuit was suggested by the beha-
vior of synaptic inputs onto other TC neurons. In a sub-
set of recorded cells, the thresholds for IPSCs and
EPSCs were the same (Figure 1F). This is demonstrated
by the graph of EPSC and IPSC amplitudes as a func-
tion of stimulus intensity (Figure 1F, bottom), in which
there was a discrete step increase in EPSC and IPSC
amplitude at the same intensity. Additionally, a compar-
ison of currents evoked above and below EPSC thresh-
old illustrates that EPSCs and IPSCs share the same
threshold (Figure 1F, top). As illustrated in Figure 1G,
this behavior suggests that inhibition was mediated by
an interneuron that received a synapse from the same
RGC that synapsed onto the recorded TC neuron
(locked). This inhibition could involve conventional axo-
dendritic inhibition (Figure 1G, left) or dendrodendritic
inhibition (Figure 1G, right), both of which occur at
RGC-TC neuron connections in the LGN (Montero,
1991; Steriade et al., 1997; Wilson et al., 1984). Thus, it
appears that in some (Figure 1F), but not in all, cases
(Figure 1D), the same RGC input both directly activates
the TC neuron and elicits disynaptic inhibition by acti-
vating interneurons that contact the same TC neuron.

We performed a second set of experiments to test
for a single RGC eliciting excitation and disynaptic inhi-
bition onto the same TC neuron. In these experiments,
we determined the relationships between IPSC and
EPSC activation by examining currents elicited at EPSC
threshold. Synaptic currents were recorded over many
(50–100) trials at EPSC threshold such that no EPSC
was observed in about 50% of the trials. Based on the
large size of the EPSC, which is evoked by many re-
lease sites (Chen and Regehr, 2000; Hamos et al.,
1987), EPSC failures correspond to a failure to elicit an
action potential in the RGC axon. Therefore, we expect
that if both the disynaptic inhibition and the mono-
synaptic excitation are elicited by the same RGC axon,
failure to activate the RGC axon will result in failure of
both the EPSC and IPSC.

Using this approach, we observed two types of syn-
aptic inputs that are illustrated by two example cells
(Figure 2). In one case, there was no difference in the
IPSCs elicited regardless of whether the EPSC was ac-
tivated, as shown in an example neuron (Figures 2A–
2E). This was apparent when all the trials were superim-
posed (Figure 2A) and the EPSC failures (Figure 2B) and
successes (Figure 2C) were compared. The averages of
all failures and all successes demonstrated little differ-
ence in IPSC amplitude with and without an EPSC (Fig-
ure 2D), which the plot of IPSC amplitude against EPSC
amplitude for all trials also demonstrates (Figure 2E).
These data suggest that one or more RGC axons with
a lower stimulus threshold elicit the IPSCs and that the
RGC that elicits the EPSC does not contribute to feed-
forward inhibition onto this TC neuron.

As shown by another representative experiment (Fig-
Figure 2. In a Subset of TC Neurons, Inhibition Is Locked to Activa-
tion of Individual RGC Inputs

The holding potential was set at −10 mV to enable identification of
both IPSCs and EPSCs, the stimulus intensity was set to elicit
w50% failures of EPSCs, and many trials were recorded for two
neurons. In the first of these neurons (A–E), there was no apparent
link between the occurrence of the EPSC and the size of the IPSC,
as is seen by considering all of the trials (A), the trials in which the
EPSC failed to occur (B), the trials in which the EPSC was observed
(C), the average of the failures (gray), and the average of the suc-
cesses (black) (D), or by plotting the IPSC amplitude against EPSC
amplitude for all trials (E). In the second neuron (F–J), a similar
analysis reveals that inhibition is tightly locked to the excitation.
Stimulus artifacts have been blanked for clarity. Vertical arrows in-
dicate time of stimulus. Scale bars in (C) and (H) are for (A)–(C) and
(F)–(H), respectively. T = 36–38°C.
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ures 2F–2J), for some synaptic inputs IPSC and EPSC
activation were tightly correlated. This is evident when
EPSC failures and successes are separated (Figures 2G
and 2H). In all cases, an EPSC failure was accompanied
by an IPSC failure, and an EPSC success resulted in an
IPSC success. This was also evident in the averages of
EPSC failures and successes (Figure 2I) and in a plot
of IPSC amplitude versus EPSC amplitude (Figure 2J).

The tight link between an EPSC and an IPSC at EPSC
threshold suggested that the IPSC was elicited by the
same RGC axon that elicited the EPSC. In neurons in
which there was no link between EPSC and IPSC, it
was likely that the interneurons were activated by addi-
tional RGCs that did not make excitatory synapses
onto the recorded TC neurons. We therefore separated
the recorded disynaptic responses into two categories
corresponding to “nonlocked,” as in Figures 2A–2E,
and “locked,” as in Figures 2F–2J. The linkage between
IPSC and EPSC threshold and distinct clusters of IPSC
and EPSC amplitudes (as in Figure 2J) was used to
identify locked inputs. In some cases, as stimulus inten-
sities were increased, neurons that received “locked” in-
hibition also received additional IPSCs that were not
locked to any additional EPSC. However, we were inter-
ested in inhibition relative to activation of the dominant
RGC input to a TC neuron. Therefore, we categorized

F
inhibition as locked or nonlocked based on whether a
there was a linkage to an EPSC as described. In 85 TC T
neurons examined, we used these criteria to classify t
inhibition in 34% of cells (29/85) as locked and in 60% E

5(51/85), as nonlocked. In 6% (5/85) of cells, inputs
tcould not be sufficiently isolated to make a definitive
wclassification.
t

A plot of IPSC amplitudes versus EPSC amplitudes
above and below EPSC threshold illustrates the differ-
ence between the populations of synaptic inputs to TC z
neurons classified as nonlocked and locked. For the 51 2
nonlocked inputs, there was no apparent increase in d
IPSC amplitude at EPSC threshold (Figure 3A), but for i
the 29 locked inputs, EPSC activation and increases in r
IPSC amplitude were tightly linked (Figure 3B). In some t
neurons, a single EPSC could not be isolated, but there t
was a clear difference in stimulus threshold for two f
EPSCs, and the change in IPSC amplitude from EPSC1 a
to EPSC2 was determined. k

The distinction between locked and nonlocked inhi- p
bition was also evident when the data were plotted as b
cumulative histograms (Figure 3C). There was a clear n
separation of the nonlocked (thin line) and locked (thick c
line) cumulative histograms (Figure 3C). In nonlocked a
neurons, there was no change in IPSC amplitude at i
EPSC threshold indicated by the steep rise at zero. t
Locked neurons, however, had a range of IPSC ampli- i
tude changes. These experiments show that inhibition
within different TC neurons can have vastly different o
properties, and, in about a third of TC neurons, locked E
inhibition is observed. F

a
aTiming of Locked Inhibition

Timing is crucial for many neuronal computations l
a(Rieke et al., 1997; Usrey, 2002a; Usrey, 2002b), and di-

synaptic inhibition makes an important contribution to o
pthe timing of postsynaptic responses (Pouille and Scan-
igure 3. Summary of TC Neurons with Inhibition that Is Locked
nd Not Locked to Activation of Individual RGC Inputs

he IPSC amplitude is plotted as a function of EPSC amplitude at
he threshold of EPSC activation for failures and successes of the
PSC (A and B). Neurons are separated into “nonlocked” ([A], n =
1) and “locked” ([B], n = 29) EPSC/IPSC combinations, using cri-
eria that are described in the text. The changes in IPSC amplitude
hen EPSC thresholds were crossed are plotted as cumulative his-

ograms (C) for 80 neurons.
iani, 2001; Pouille and Scanziani, 2004; Swadlow,
003; Wehr and Zador, 2003). It is difficult, however, to
etermine how the latency and magnitude of disynaptic

nhibition elicited experimentally relates to that occur-
ing physiologically. This is because disynaptic inhibi-
ion has been examined primarily with strong stimula-
ion of fiber tracts that activates many presynaptic
ibers (Bissiere et al., 2003; Crunelli et al., 1988; Hirsch
nd Burnod, 1987; Pouille and Scanziani, 2001; Zibur-
us et al., 2003). Scatter in the latency of synaptic in-
uts makes it difficult to interpret the latency difference
etween excitatory and inhibitory inputs. Moreover, it is
ot known whether the inputs that elicit the excitatory
urrents and the other inputs that activate interneurons
re usually coactivated in vivo. These properties make

t unlikely that the latency measured under these condi-
ions is an accurate representation of the latency that
s relevant for physiological conditions.

These difficulties are highlighted by the wide range
f latencies that we observed in nonlocked neurons.
xamples of two extremes are shown in Figure 4. In
igure 4A, a low stimulus intensity (thick line) evoked
n EPSC followed 1.7 ms later by an IPSC. The EPSC
nd IPSC had different thresholds and thus were non-

ocked. At a higher intensity (Figure 4A, thin line), an
dditional IPSC was elicited that began before EPSC
nset. Thus, for some cells the latency of inhibitory in-
uts was highly dependent upon the stimulus intensity,
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Figure 4. Locked IPSCs Provide Short-Latency Inhibition while
Nonlocked IPSCs Exhibit a Wide Range of Latencies

(A and B) EPSC/IPSC combinations recorded at two stimulus inten-
sities are shown for two example nonlocked neurons. Thick traces
were elicited at lower stimulus intensities than were thin traces.
Traces are the average of 15 (A) and 50 trials (B). T = 35°C (A) and
36°C (B). The latency from EPSC to IPSC onset in locked neurons
was determined in two ways, as demonstrated for the same cell
(C–F). First, GABAA and AMPA components were isolated at rever-
sal potentials for AMPA (top, 10 mV) and for GABAA (bottom, −60
mV) (C), and then the conductances were determined (D). Second,
currents arising from both AMPA and GABAA components were
measured at −10 mV; then the AMPA component was measured
in isolation in the presence of picrotoxin (20 µM), and the GABAA

component was determined by subtraction (E). These two methods
gave similar results (D and F). Traces in (C) and (E) are the averages
of 15 trials, T = 38°C. Latencies are indicated by dashed vertical
lines. (G) Summary of latencies measured as a function of temper-
ature for 14 neurons. In four neurons, latency measurements were
made at multiple temperatures. Closed symbols indicate latencies
calculated using the method shown in (C); open symbols indicate
latencies measured using the method shown in (E). A line of the
form y = a + bx was fit to all the data points; a = 6.5, b = −0.14. (H)
Latencies measured at 37–38.5°C in seven neurons are plotted in
histogram form.
and inhibition could be elicited that initiated prior to
the onset of an EPSC. In other cells, nonlocked IPSCs
followed EPSCs with a long latency (Figure 4B). Differ-
ences in the conduction velocities of RGC axons (Stan-
ford, 1987; Stone and Fukuda, 1974) likely contributed
significantly to the wide range of latencies of IPSCs rel-
ative to EPSCs. These data indicate that the latencies
of IPSCs are difficult to interpret in nonlocked cells (see
Discussion). We therefore focused on the latency of
locked IPSCs.
The latency from EPSC to IPSC measured in cells
with locked inhibition must reflect the latency that oc-
curs under physiological conditions because a locked
IPSC is evoked by a single RGC input. In an example
neuron, the AMPA (Figure 4C, bottom) and GABAA (Fig-
ure 4C, top) components were isolated using reversal
potentials of the two currents. The latency measured
from EPSC to IPSC onset was 1.0 ms at 38°C. The over-
lay of AMPA and GABAA conductances further illu-
strates the very short latency between their onsets (Fig-
ure 4D). In the same neuron, the AMPA EPSC (Figure
4E, bottom) and the GABAA IPSC (Figure 4E, top) were
isolated pharmacologically, and the conductances were
calculated (Figure 4F). Using this approach, we again
measured an EPSC to IPSC latency of 1.0 ms (38°C), a
measurement in good agreement with the latency mea-
sured using reversal potentials in this example neuron
(Figures 4C and 4D). Thus, latencies measured with
these two techniques can be grouped together.

Latency measurements made using these two meth-
ods were plotted over a range of temperatures (Figure
4G; n = 14). There was a decrease from 1.6 ms to 1.0
ms as the temperature increased. A histogram of EPSC
to IPSC latencies measured at 37–38.5°C shows that
the IPSC lagged the EPSC by 0.99 ± 0.12 ms (mean ±
SD) (n = 7) (Figure 4H). Thus, when activated by the
same RGC synapsing onto a TC neuron, local interneu-
rons elicit disynaptic inhibition in that TC neuron with a
latency of approximately 1 ms at physiological temper-
atures. This suggests that locked feed-forward inhibi-
tion could influence TC neuron responses.

Use-Dependent Plasticity
In addition to the timing and magnitude of inhibition,
use-dependent plasticity can play an important role in
the physiological consequences of feed-forward inhibi-
tion. Therefore, we next determined the plasticity of
locked and nonlocked inhibition.

We measured the disynaptic inhibition evoked by
pairs of stimuli, regular trains, and an irregular train that
was recorded from a mouse retinal ganglion cell. TC
neurons were held at the AMPA reversal potential in
order to isolate the disynaptic IPSCs. We found that the
amplitudes of both nonlocked and locked IPSCs were
altered by activity. However, these measurements are
indirect, due to the disynaptic nature of the inhibition.
We did not distinguish between plasticity occurring at
synapses between an RGC and an interneuron and
those between an interneuron and a TC neuron. Our
references to the plasticity of inhibition, therefore, refer
to changes in IPSC amplitude recorded in TC neurons
and do not indicate a locus for these changes.

The plasticity of nonlocked IPSCs during a train var-
ied among different TC neurons. In all cases, in re-
sponse to a short realistic stimulus train, subsequent
nonlocked IPSCs in the train were depressed in ampli-
tude relative to the first, although the extent of depres-
sion varied (Figure 5A). Despite this depression, the in-
hibition elicited by a train was always larger than that
evoked by a single stimulus (Figure 5A, gray traces).

Depression of locked IPSCs during this stimulus train
was much more pronounced (Figure 5B). IPSCs were
so depressed during the train that synaptic currents
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Nonlocked IPSCs during Physiological Activity Patterns t
(A and B) Recordings of nonlocked (A) and locked (B) IPSCs during f
a train in four example neurons are shown. Vertical bars above the t
recordings indicate the stimulus pattern. In each case, a single s
IPSC is overlaid for comparison (gray traces). Neurons were held

tat the reversal potential for the EPSC (10 mV). Traces are the
faverage of 6–18 trials. Stimulus artifacts have been blanked for
sclarity. (C) The amplitudes of the 2nd through the 6th IPSC normal-

ized to the first IPSC in the train are plotted for nonlocked (open l
circles, n = 5) and locked (closed circles, n = 7) inhibition. (D) The w
ratios of the amplitudes of the 2nd to the 1st IPSC are plotted for g
nonlocked (open circles, n = 7) and locked (closed circles, n = 5)

tinhibition with interstimulus intervals of 10 ms to 4 s. (E) The nor-
cmalized amplitudes of the 5th IPSC during regular trains of 10–100
tHz frequency are plotted for nonlocked (open circles, n = 5) and

locked (closed circles, n = 4) inhibition. Data in (C)–(E) are plotted i
as the mean (±SEM). Significant differences between locked and c
nonlocked IPSCs are indicated with asterisks (*p < 0.05, Student’s m
t test).

s

pevoked by a train (Figure 5B, black traces) were the
same as those evoked by a single IPSC (Figure 5B, gray c

straces). This was not due to a failure to activate the
RGC axon. EPSCs were reliably activated by the train t

dat a holding potential of −60 mV (data not shown), indi-
ating that the RGC axon was reliably stimulated
hroughout the train. We quantified the amplitude of
ocked and nonlocked IPSCs during this stimulus
attern and found that locked inhibition was signifi-
antly more depressed than nonlocked inhibition. Dur-

ng the train, nonlocked IPSCs were 10% to 20% of
he initial IPSC amplitude (Figure 5C, n = 5). However,
ollowing the initial locked IPSC, no additional IPSC
as evoked by the five subsequent stimuli (n = 7).
To further quantify the depression of locked and non-

ocked inhibition, we examined pairs of stimuli with in-
erstimulus intervals ranging from 10 ms to 4 s. The
econd of two stimuli elicited an IPSC that was de-
ressed relative to the first for both nonlocked (open
ircles, n = 7) and locked inhibition (closed circles, n =
, Figure 5D). At very short intervals (10–50 ms), locked

nhibition had a tendency to be more depressed than
id nonlocked. However, with longer intervals (100 ms
o 4 s), the amplitudes of locked and nonlocked inhibi-
ion did not differ significantly. This similarity in the re-
overy of locked and nonlocked depression is surpris-

ng, given the striking differences in plasticity during an
rregular train (Figures 5A and 5B).

We then examined steady-state depression by meas-
ring the extent of depression of the fifth IPSC in regu-

ar trains relative to the first IPSC. For regular trains of
ive stimuli at 10, 20, 50, and 100 Hz, both locked and
onlocked neurons exhibited substantial depression,
ut depression tended to be more pronounced for

ocked IPSCs (Figure 5E). The observation that locked
PSCs are nearly eliminated at 50 and 100 Hz (Figure
E) suggests that under physiological conditions, locked

nhibition is most influential after quiescent periods.
hese findings support the view that there are differ-
nces in the short-term plasticity of locked and non-

ocked inhibition.

unctional Consequences of Locked Inhibition
he nature of locked inhibition, that it is elicited by a
ingle RGC, enabled us to characterize its magnitude,
iming, and plasticity with the confidence that these re-
lect physiological parameters. Therefore, we could de-
ermine what role this feed-forward inhibition has in
haping TC neuron responses to RGC input. Without
he voltage control and precise timing information af-
orded by voltage-clamp recordings in which potas-
ium channels were blocked, we were unable to identify
ocked inputs in current-clamp recordings. Therefore,
e used the dynamic-clamp technique (Blitz and Re-
ehr, 2003; Prinz et al., 2004) to assess the function of
his inhibition. In dynamic-clamp recordings, synaptic
onductances are injected with the appropriate ampli-
ude, time course, and voltage dependence (see Exper-
mental Procedures), and the effect on the firing pattern
an be determined. We used this approach to deter-
ine the effects of locked inhibition on TC neuron re-

ponses.
We assessed the effect of a short RGC activity

attern on the firing of TC neurons by using dynamic-
lamp recordings to simulate AMPA, NMDA, and GABA
ynaptic conductances. The AMPA and NMDA conduc-
ances were determined from voltage-clamp data as
escribed previously (Blitz and Regehr, 2003), and the
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locked inhibitory conductance (IPSG) waveform was
based on voltage-clamp experiments as shown in Fig-
ure 5B. The IPSG onset occurred with a 1 ms latency
following the onset of AMPA and NMDA conductance
waveforms (Figure 6A) based on our latency measure-
ments in Figure 4. We used two combinations of AMPA/
NMDA conductances (40/30 nS and 30/20 nS) that are
within the range measured previously for single RGC
inputs (Blitz and Regehr, 2003), and we used a GABA
conductance of 10 nS, which is within the observed
range. We also used a GABA conductance of 5 nS,
which represents 50% depression.

We first examined the effect of locked inhibition for
TC neurons in burst mode with the initial membrane
Figure 6. Dynamic Clamp Experiments Indicate that Locked Inhibi-
tion Has Little Influence on TC Neuron Responses in Burst Mode

(A) The AMPA, NMDA, and GABAA conductance waveforms used
in dynamic-clamp experiments are plotted. (B–D) Example record-
ings (B), raster plots (C), and average histograms (D) of responses
to injection of simulated AMPA (40 nS) and NMDA (30 nS) conduc-
tances in the absence (left) and presence (right) of a 10 nS GABA
conductance are shown for an example experiment. The average
numbers of action potentials per bin (1 ms) per trial (50) are plotted.
(E) The average numbers of action potentials elicited during the
train are plotted for trials with 0 nS, 5 nS, or 10 nS GABA conduc-
tances with 40/30 nS AMPA/NMDA (closed circles) and 30/20 nS
AMPA/NMDA (open circles) conductances (n = 4). The decreases
in spike number at 5 nS GABA for 40/30 nS AMPA/NMDA and at 5
nS and 10 nS GABA for 30/20 nS AMPA/NMDA were significant
relative to 0 nS GABA (p < 0.05, paired Student’s t test). The data
in (E) are plotted as the mean (±SEM). Vertical bars above the re-
cordings and the plots indicate the stimulus pattern.
potential set at −75 mV. Under these conditions, an
AMPA/NMDA conductance (40/30 nS) elicited a burst of
sodium spikes riding on a low-threshold calcium spike
(Figure 6B, left). The addition of a 10 nS GABA conduc-
tance had a small effect on the response, reducing the
number of spikes from nine to eight (Figure 6B, right).
The similarities in the responses elicited with and with-
out locked inhibition in this example are also evident in
raster plots (Figure 6C) and in the histogram of evoked
spikes (Figure 6D). The minor influence of locked inhibi-
tion in burst mode was consistent across neurons for
both combinations of AMPA and NMDA conductances
tested (Figure 6E, n = 4). Thus, in burst mode, re-
sponses to RGC input will likely be relatively insensitive
to feed-forward inhibition.

In contrast, locked inhibition had a prominent influ-
ence on TC neuron firing in tonic mode (−55 mV). In
tonic mode, bursts are not common, but they can be
triggered by activation of NMDARs (Blitz and Regehr,
2003). This was the case for the example shown, in
which six stimuli elicited ten action potentials (Figure
7A, left) (40/30 nS, AMPA/NMDA). The addition of locked
inhibition (10 nS) decreased the number of action po-
tentials to six (Figure 7A, right). The raster plot shows
that almost all action potentials occurred as a single
spike following each stimulus in the presence of inhibi-
tion (Figure 7B), which can also be seen in the histo-
grams that summarize the responses of this example
Figure 7. Locked Inhibition Alters TC Neuron Responses in Tonic
Mode

Dynamic-clamp experiments were performed as in Figure 6, but
the initial membrane potential corresponded to tonic mode (w−55
mV). Recordings (A), raster plots (B), and average histograms (C)
are shown for an example experiment. Data from individual trials
(A), 50 randomized trials (B), and the average of 50 trials (C) il-
lustrate the responses to 40/30 nS AMPA/NMDA conductances in
the absence (left) and presence (right) of a 10 nS GABA conduc-
tance. Vertical bars above the recordings and the plots indicate the
stimulus pattern.
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TC neuron (Figure 7C). In the absence of inhibition, re- t
tsponses consisted of precisely timed short-latency fir-

ing and more variable longer-latency firing during the w
binterstimulus interval (Figure 7C, left). Locked inhibition

eliminated the majority of longer-latency firing while s
cleaving the precise responses intact (Figure 7C, right).

Therefore, despite the high degree of depression of l
tlocked IPSCs during a realistic train of activity, this inhi-

bition can alter TC neuron responses. a
The effect of a GABA conductance on TC neuron re-

sponses in tonic mode was consistent across neurons. D
Figure 8A illustrates the average response of six neu-
rons to simulated AMPA/NMDA conductances (40/30 A

rnS) without and with locked inhibition. The addition of
a 10 nS GABA conductance decreased the imprecise i

olong-latency firing while increasing the number of pre-
cisely timed spikes, as is evident by the increased d

sheight of short-latency bins (Figure 8A, right). The
increase in the number of precise spikes is likely a con- w

tsequence of eliminating longer-latency spikes, which
renders the neuron less likely to be within the refractory v

tperiod when a subsequent stimulus arrives. The total
number of action potentials, however, always decreased. b

nFor responses elicited by both 40/30 nS AMPA/NMDA
(closed circles) and 30/20 nS AMPA/NMDA (open cir- i

scles) conductances, the total number of spikes per train
decreased as the GABA conductance was increased
(Figure 8B). N

IAn examination of the response following the first
stimulus in the train illustrates the most pronounced ef- E

ifect of locked inhibition (Figures 8C and 8D). In the ab-
sence of inhibition, there is a peak of precisely timed a

cspikes, followed by many additional action potentials
with more variable latencies (Figure 8C, left). However, o

tlocked inhibition virtually eliminates the late spikes
while leaving the initial precise response intact (Figure

n8C, right). This is also illustrated by the influence of
locked inhibition on the number of spikes evoked by a
Figure 8. In Tonic Mode, Locked Inhibition
Improves Precision and Decreases Multiple
Spikes per Stimulus

Experiments performed as in Figure 7 are
summarized for six cells. (A) The average
number of action potentials elicited by 40/30
nS AMPA/NMDA conductances in the ab-
sence (left) and presence (right) of a 10 nS
GABA conductance are plotted per bin (1
ms) per trial (50). (B) The average numbers
of action potentials per train are plotted
for trials with 0 nS, 5 nS, or 10 nS GABA
conductances with 40/30 nS AMPA/NMDA
(closed circles) and 30/20 nS AMPA/NMDA
(open circles) conductances. The decreases
in spike number were significant at each
conductance combination relative to 0 nS
GABA (p < 0.01, paired Student’s t test). The
data are plotted as the mean (±SEM). (C) The
timing of action potentials between the first
and second stimuli in the train are plotted

as average histograms for 40/30 nS AMPA/NMDA conductances in the absence (left) and presence (right) of a 10 nS GABA conductance.
The late component (3–8 ms) was significantly reduced (p < 0.05, paired Student’s t test). (D) The fraction of trials that had one (black bars)
or two or more (white bars) spikes between the first and second stimuli are plotted for 0 nS, 5 nS, and 10 nS GABA conductances for 30/20
nS AMPA/NMDA (left) and 40/30 nS AMPA/NMDA (right) conductance combinations. All of the changes in the fraction of trials with one or
two or more spikes for 5 nS and 10 nS GABA compared to 0 nS GABA were significant (p < 0.05, paired Student’s t test). The data are plotted
as the mean (±SEM).
he first stimulus in the train. In the absence of inhibi-
ion, one (black bars), or two or more (white bars) spikes
ere routinely observed (Figure 8D). When locked inhi-
ition was introduced, almost all trials evoked only a
ingle spike. This was observed for both AMPA/NMDA
onductance combinations tested (Figure 8D). Thus,

ocked inhibition can serve to decrease the amplifica-
ion of an incoming signal that occurs in tonic mode
nd enhance the precision of the response.

iscussion

ctivation of single RGC inputs revealed that interneu-
ons within the LGN mediate two types of disynaptic
nhibition. Nonlocked inhibition exhibited a wide range
f latencies and had different activation thresholds than
id the RGC inputs onto TC neurons. In contrast, in a
ubset of neurons we observed locked inhibition in
hich an IPSC and an RGC-elicited EPSC had precisely

he same stimulus threshold. This indicates that during
isual stimuli, the inhibition would be tightly locked to
he activation of the RGC input. Locked inhibition relia-
ly followed the EPSC with a latency of just 1 ms. Dy-
amic-clamp recordings revealed that this rapid locked

nhibition improves the precision of TC neuron re-
ponses in tonic mode.

onlocked Inhibition
n 60% of TC relay neurons, IPSCs were not locked to
PSCs. Additionally, in many of these neurons, increas-

ng stimulus intensity elicited stronger inhibition that
lso was not locked to an excitatory input. This indi-
ates that this form of inhibition reflects the activation
f interneurons by RGCs that do not directly contact
he TC neuron.

It is difficult to estimate the magnitude and timing of
onlocked inhibition. One difficulty is that the number
nd timing of RGC activation in vivo is highly stimulus
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dependent. Thus, optic tract stimulation may overesti-
mate the magnitude of inhibition that is elicited under
physiological conditions. We found that the amount of
depression of nonlocked inhibition was variable among
neurons. This could reflect activation of disynaptic in-
hibitory pathways with distinct plasticity that may not
be coactivated physiologically. It is also difficult to in-
terpret the timing of disynaptic inhibition in cells with
nonlocked inhibition, due to activation of RGC axons
with a range of conduction velocities (Stanford, 1987;
Stone and Fukuda, 1974). In some cases, inhibition can
even arrive before the excitation. This likely reflects the
simultaneous activation of an axon with a slow conduc-
tion velocity that directly activates a TC neuron and ac-
tivation of an axon with a faster conductance velocity
that activates an interneuron. Whether these RGCs
with distinct conduction velocities would be coacti-
vated in vivo is unknown. In the same vein, RGCs with
the same conduction velocities might have differences
in the timing of their activation by a visual stimulus.
Consequently, the latency between excitation and inhi-
bition is difficult to interpret for cells with nonlocked
inputs. Therefore, the latency and the magnitude of
nonlocked inhibition, and how the inhibition shapes re-
sponses, will be highly dependent on the properties of
the visual stimulus and on the population of activated
RGCs.

Inhibition in many brain areas corresponds to non-
locked inhibition, in which there is no linkage between
activation of a single excitatory input to a cell and the
inhibitory inputs to that cell. Consequently, the difficul-
ties that we encounter in estimating the magnitude and
timing of nonlocked inhibition also apply to the bulk of
studies of disynaptic inhibition. Locked inhibition, how-
ever, provides a special opportunity to examine inhibi-
tion in a brain slice, providing insight into properties of
inhibition that can be related to physiological condi-
tions.

Locked Inhibition
In contrast to nonlocked inhibition, locked inhibition
provides a means of precisely regulating the timing and
number of TC neuron spikes evoked by an individual
RGC. Our ability to activate feed-forward inhibition elic-
ited by a single input enabled us to characterize the
timing, magnitude, and plasticity of locked inhibition.
We found that an IPSC reliably follows the onset of an
EPSC with a latency of 1 ms at physiological temper-
atures for locked inhibition. This very rapid onset of in-
hibition may reflect the importance of timing within the
visual pathway (Reinagel and Reid, 2000; Usrey, 2002b;
Usrey and Reid, 1999).

We found that depression of locked inhibitory cur-
rents is prominent during high-frequency activity. This
may be due to depression of the synapse between the
RGC and interneuron, that between the interneuron and
TC neuron, or a combination of the two. However,
locked inhibition enables us to be confident that we are
measuring a physiological degree of plasticity, regard-
less of where it occurs, because the inhibition is elicited
by a single RGC. During a realistic brief train, the de-
pression is so extensive that the current elicited by a
train of stimuli is no different from the current elicited
by a single stimulus.
Because locked inhibition exhibits such pronounced
depression, it will be most influential following quies-
cent periods when depression is not prominent. For vi-
sual stimulation that elicits sustained firing in RGCs
(Barlow and Levick, 1969; Kuffler et al., 1957; Troy and
Lee, 1994), locked inhibition would likely have little in-
fluence on TC neuron firing. However, in response to
natural stimuli as well as random dynamic stimuli, neu-
rons in the visual system display periods of firing in-
terrupted by periods of silence. This pattern has been
referred to as “spurts and pauses” or more recently as
“peaky and sparse” (Reinagel, 2001). Such “peaky and
sparse” firing occurs in RGCs (Berry et al., 1997; Nir-
enberg et al., 2001), in TC neurons in the LGN (Dan et
al., 1996; Lesica and Stanley, 2004; Stanley et al., 1999),
and in visual cortical neurons (Bair and Koch, 1996;
Buracas et al., 1998; Vinje and Gallant, 2000). Therefore,
in response to stimulus-driven activity, pauses in firing
would allow recovery from depression and enable
locked inhibition to influence TC neuron responses.
Even if pauses in firing are not long enough to allow full
recovery, partial recovery from depression can enable
the timing-preserving effects of locked inhibition. In our
study, we used two values of disynaptic inhibition that
correspond to no depression at all and to 50% de-
pression. The “depressed” inhibition had a somewhat
smaller effect on the firing of the relay neuron, but ex-
hibited the same basic trend. Moreover, due to the long
duration of the GABA currents, the timing-preserving
effects of locked inhibition can influence the response
to at least five RGC spikes at the onset of high-fre-
quency firing following a quiescent period.

The Role of the Triad in Locked
and Nonlocked Inhibition
Many of the inhibitory synapses of interneurons in the
LGN are made by specialized structures known as tri-
ads, and it is likely that triads contribute to locked inhi-
bition. Each triad consists of RGC axodendritic syn-
apses onto both a local interneuron and a TC neuron
dendrite. The third part of the triad is a dendrodendritic
synapse from that interneuron onto the TC neuron
(Hamos et al., 1985; Ohara et al., 1983; Rafols and
Valverde, 1973; Wilson et al., 1984). Triads occur in the
LGN and other thalamic nuclei in mouse, rat, cat, and
monkey (Hamori et al., 1974; Montero, 1991; Ohara et
al., 1983; Rafols and Valverde, 1973; Wilson et al.,
1984).

It has been difficult to determine unambiguously the
contribution of triads to disynaptic inhibition within TC
neurons. Previous studies used large stimulus inten-
sities to activate multiple excitatory inputs and disyn-
aptic inhibition, and short-latency inhibition was the
major criterion used to identify a physiological correlate
of a triad-type synapse (Soltesz and Crunelli, 1992).
However, we see that even nonlocked inhibition, which
is unlikely to be mediated by triads, can result in short-
latency inhibition. Thus, a short latency does not prove
that inhibition is mediated by a triad. Other studies
identified triads based on the localization of metabo-
tropic glutamate receptors (mGluR5) at inhibitory syn-
apses associated with triads (Cox and Sherman, 2000;
Cox et al., 1998; Godwin et al., 1996). Those studies
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found that in the presence of TTX, agonists of Group I n
imGluRs produced an increase in IPSC frequency that

was ascribed to triads. Also, in neurons that fit this cri- d
Wterion, synaptic activation of mGluRs elicits an increase

in spontaneous IPSC frequency (Govindaiah and Cox, 2
s2004). However, this criterion was used to identify tri-

ads in the presence of TTX and is not suited to the o
istudy of evoked responses and disynaptic inhibition.

Here, we find several properties of locked inhibition t
1that implicate the triad (Figure 1G, right). It is expected

that the latency associated with axodendritic synapses r
w(Figure 1G, left) would require generation and propaga-

tion of an action potential in an interneuron. There are s
tfew estimates of the time course of disynaptic inhibi-

tion that do not rely upon fiber tract activation and that a
eare not prone to uncertainties associated with dif-

ferential conduction velocities. However, for interneu- l
prons activated by single hippocampal pyramidal neu-

rons, the latency of disynaptic locked inhibition is 3 ms m
bat 37°C (Miles, 1990), which is considerably longer than

the 1 ms latency that we observed with locked inhibi- a
ftion in the LGN. The architecture of triads provides inhi-

bition directly at the site of the excitatory inputs by lo- T
Tcally activating release from interneuron dendrites. In

so doing, the triad has the potential to provide more s
rrapid inhibition than is possible with axodendritic inhi-

bition and has an ideal structure to provide locked inhi- c
ibition (Ohara et al., 1983; Rafols and Valverde, 1973;

Wilson et al., 1984). Thus, the short latency and the reli-
Eability of locked inhibition suggest that locked inhibition

may be mediated by triads. The possibility that the
S

modulation of triads can be distinct from that of other P
inhibition (Curro Dossi et al., 1992; Pare et al., 1991) p

(suggests that regulation of inhibition mediated by tri-
Sads may enable selective regulation of responses
Kevoked by single RGCs.
M
e

Functional Implications of Locked D
tand Nonlocked Inhibition
tIn vivo pharmacological experiments have demon-
dstrated that GABAA receptors are important in the pro-

cessing of visual information in the thalamus (Berardi
E

and Morrone, 1984; Holdefer et al., 1989; Hu et al., W
2000; Norton and Godwin, 1992; Sillito and Kemp, d

C1983). However, it remains difficult to assign specific
wroles to GABAergic inhibition from local interneurons
nwithin the LGN due to the complication that in vivo
mfeedback inhibition from the reticular nucleus is intact.
p

Based on characteristics of inhibition mediated by in- i
terneurons, it is possible to speculate on some of their t

Eroles. For example, nonlocked inhibition that is not
ilinked to activation of an excitatory RGC input may ac-
icount for the increased surround inhibition in the recep-
Mtive fields of TC neurons compared to those of RGCs
r

(Ruksenas et al., 2000; Sillito and Kemp, 1983). Further- 2
more, nonlocked inhibition may act as broadly tuned N

8inhibition that decreases TC neuron spiking and allows
conly the most relevant afferent information to elicit
apostsynaptic responses, as suggested for disynaptic
minhibition in somatosensory cortex (Swadlow, 2003).
N

Locked inhibition, however, is specifically associated j
with an excitatory input and therefore is in a position to 3

ishape temporal responses to excitation within the TC
euron receptive field. TC neurons are more commonly
n tonic mode in the awake state, although visual stimuli
o elicit both tonic and burst responses (Guido and
eyand, 1995; Ramcharan et al., 2000; Weyand et al.,

001). We found that locked inhibition altered re-
ponses elicited in tonic mode, but had little influence
n burst mode responses. It is likely not very effective

n burst mode because the response is dominated by
he low-threshold calcium spike (Jahnsen and Llinas,
984). In tonic mode, responses can vary from a faithful
epresentation of the stimulus pattern to burst firing in
hich there are multiple TC spikes elicited per RGC
pike (Blitz and Regehr, 2003). The rapid locked inhibi-
ion that we demonstrate here suppressed burst firing
nd resulted in a more precisely timed response. How-
ver, due to depression of locked inhibition, there will

ikely be a shift during long bouts of RGC activity from
recisely timed responses to burst firing. Furthermore,
odulation of this inhibition could allow for switches
etween faithful representation of RGC firing patterns
nd amplification of the visual signal. Due to the speci-
icity of locked inhibition, this would alter responses of
C neurons to visual stimuli within their receptive field.
herefore, the locked disynaptic inhibition that we de-
cribe here provides a mechanism within the LGN to
egulate how precisely a TC neuron responds to spe-
ific RGC input without altering the response to other

nputs.

xperimental Procedures

lice Preparation and Solutions
seudosagittal brain slices (250 �m) containing the dLGN were
repared from P26–32 Black Swiss mice as described previously

Blitz and Regehr, 2003; Chen et al., 2002; Chen and Regehr, 2000).
aline solution consisted of 125 mM NaCl, 26 mM NaHCO3, 2.5 mM
Cl, 1.25 mM NaH2PO4, 25 mM glucose, 2 mM CaCl2, and 1 mM
gCl2. Corticothalamic and nRT feedback were eliminated by sev-

ring the connections of these regions to the LGN with a scalpel.
uring experiments in which synaptic inputs were activated repeti-

ively, the antagonist CGP55845a (2 �M) was included in the saline
o block GABAB receptor activation (Soltesz and Crunelli, 1992). All
rugs were obtained from Tocris (Ellisville, MO).

lectrophysiology
hole-cell recordings were made from TC neurons in the LGN as

escribed previously (Blitz and Regehr, 2003; Chen et al., 2002;
hen and Regehr, 2000). Borosilicate glass electrodes (1.5–3.0 MΩ)
ere filled with an internal solution containing 135 mM CsGluco-
ate, 5 mM NaCl, 0.5 mM EGTA, 10 mM HEPES, 2 mM MgSO4, 0.16
M CaCl2, 4 mM Na2ATP, 0.4 mM NaGTP, and 14 mM Tris-Creatine
hosphate adjusted to pH 7.3 with CsOH for voltage-clamp record-

ngs. A subset of recordings was performed with an internal solu-
ion containing 35 mM CsF, 25 mM CsCl2. 75 mM CsMeSO4, 10 mM
GTA, and 10 mM HEPES adjusted to pH 7.3 with CsOH. With these

nternal solutions, NMDA currents were blocked with CPP (5 �M)
ncluded in the saline solution. In other voltage-clamp recordings,

K-801 was included in the internal solution to block NMDA cur-
ents. This solution contained 130 mM CsGluconate, 10 mM CsCl2,
mM MgCl2, 10 mM HEPES, 0.16 mM CaCl2, 0.5 mM EGTA, 4 mM
a2ATP, 0.4 mM NaGTP, 14 mM Tris-creatine phosphate, 1 mM MK-
01, and 20 mM TEA-Acetate adjusted to pH 7.3 with CsOH. For
urrent-clamp recordings, electrodes (2.8–3.5 MΩ) were filled with
n internal solution containing 135 mM KGluconate, 5 mM NaCl, 10
M HEPES, 0.5 mM EGTA, 2 mM MgSO4, 0.16 mM CaCl2, 4 mM
a2ATP, 0.4 mM NaGTP, and 14 mM Tris-Creatine phosphate ad-

usted to pH 7.3 with KOH. Experiments were performed at 35–
9°C, using an inline heater (Warner, Hamden, CT) while superfus-

ng the slice with saline solution at 4 ml/min.
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The stimulation pattern used was recorded from a mouse ON
RGC in response to a flash of light (courtesy of Sheila Nirenberg,
UCLA). TC neurons in P26–32 mice receive dominant input from
one to three retinal ganglion cells (Chen and Regehr, 2000). In some
cases in which it was not possible to isolate a single input, one
strong input and an additional weaker input were activated. In
these cases, neurons were only used if the EPSCs had distinct
thresholds.

Dynamic Clamp
Conductance waveforms were calculated from voltage-clamp re-
cordings at 34–37°C of pharmacologically isolated AMPA and
NMDA EPSCs that were elicited with the same stimulation pattern
used in this study. GABAA IPSCs were recorded as in Figure 5.

AMPA conductances were injected using an ITC-18 board (In-
strutech) and custom macros written for Igor Pro software. AMPA
current and NMDA currents were calculated from the conductance
waveforms as described previously (Blitz and Regehr, 2003). GABAA

conductances were injected in the same manner as AMPA conduc-
tances. GABAA current was calculated as:

IGABA(t) = gGABA(t) ∗ (Vm(t) − EREV) (1)

where IGABA is the current to be injected, gGABA is the conductance
waveform determined from voltage-clamp recordings at a holding
potential of 10 mV, Vm is the membrane potential, and Erev is the
reversal potential, which is −80 mV for GABAA (Ulrich and Huguen-
ard, 1997).
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