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SUMMARY

The basolateral amygdala (BLA) and prefrontal cor-
tex (PFC) are partners in fear learning and extinction.
Intercalated (ITC) cells are inhibitory neurons that
surround the BLA. Lateral ITC (lITC) neurons provide
feed-forward inhibition to BLA principal neurons,
whereas medial ITC (mITC) neurons form an inhibi-
tory interface between the BLA and central amygdala
(CeA). Notably, infralimbic prefrontal (IL) input to
mITC neurons is thought to play a key role in fear
extinction. Here, using targeted optogenetic stimula-
tion, we show that lITC neurons receive auditory
input from cortical and thalamic regions. IL inputs
innervate principal neurons in the BLA but not mITC
neurons. These results suggest that (1) these neu-
rons may play a more central role in fear learning as
both lITCs and mITCs receive auditory input and
that (2) mITC neurons cannot be driven directly by
the IL, and their role in fear extinction is likely medi-
ated via the BLA.
INTRODUCTION

Fear conditioning and extinction are behavioral paradigms

widely used to study learning and memory formation in the

mammalian CNS. In fear conditioning, a neutral stimulus, such

as a tone (the conditioned stimulus, CS), is temporally paired

with an aversive stimulus, typically, a footshock. As a result, sub-

jects now respond to the previously neutral stimulus with a fear

response, which represents the recall of an associative fear

memory. However, subsequent unpaired presentations of the

CS leads to a reduction of the fear response, a process known

as extinction (Delamater, 2004). The neural circuits that underpin

fear conditioning and extinction have been extensively studied,

and it is well established that the amygdala and prefrontal cortex

are two key players (Duvarci and Pare, 2014; Marek et al., 2013;

Maren, 2001; Pape and Pare, 2010). During auditory fear con-

ditioning, tone information reaches the amygdala via direct pro-

jections from the auditory thalamus (AT) and auditory cortex

(AC), predominantly synapsing within the basolateral amygdala

(BLA) (LeDoux et al., 1991; Romanski et al., 1993; Romanski

and LeDoux, 1993; Sah et al., 2003). Sensory information is pro-
Cell
cessed within the amygdala, and projections from the central

amygdala (CeA), the main output region of the amygdala, trigger

the physiological responses associated with the fear response

(Davis and Whalen, 2001; Maren, 2001).

The BLA is a cortical-like structure, and glutamatergic pyrami-

dal neurons form the major population of neurons within it

(�80%) (McDonald, 1982; Sah et al., 2003). A heterogeneous

population of GABAergic interneurons constitutes a smaller

population of cells (�20%), providing both feed-forward and

feedback inhibition within the amygdala (Ehrlich et al., 2009;

McDonald, 1985; Spampanato et al., 2011). Apart from local

GABAergic interneurons within the BLA, clusters of small

GABAergic cells, the intercalated (ITC) cell masses, also sur-

round the BLA (Millhouse, 1986; Pinard et al., 2012). ITC cells

are divided into the lateral ITC (lITC) and medial ITC (mITC) clus-

ters, located within the external and intermediate capsules of the

amygdala, respectively. Of these, lITC neurons provide feed-for-

ward inhibition for cortical afferents to BLA pyramidal neurons

(Marowsky et al., 2005; Morozov et al., 2011), while mITC neu-

rons are thought to form an inhibitory interface between the input

(BLA) and output (CeA) nuclei of the amygdala (Palomares-Cas-

tillo et al., 2012; Pare and Duvarci, 2012; Paré and Smith, 1993).

It is generally accepted that fear learning engages the BLA and

results fromplasticity of sensory inputs to BLApyramidal neurons

(Miserendino et al., 1990; Pape and Pare, 2010; Quirk et al., 1995;

Sah et al., 2003). This plasticity is, at least in part, regulated by the

action of local inhibitory microcircuits in the BLA (Ehrlich et al.,

2009;Wolff et al., 2014). Following learning, expression of learned

fear is drivenby afferents from the prelimbicmedial prefrontal cor-

tex to the BLA (Corcoran and Quirk, 2007; Sotres-Bayon et al.,

2012). While extinction also engages the BLA (Falls et al., 1992;

Herry et al., 2006; Laurent and Westbrook, 2008), it is thought

to be gated by infralimbic prefrontal cortex (IL) activity (Milad

and Quirk, 2002; Sierra-Mercado et al., 2011; Sotres-Bayon

et al., 2012). Afferents from the IL are proposed to drivemITCneu-

rons, resulting in feed-forward inhibition of the CeA thus inhibiting

output from the amygdala (Amir et al., 2011; Berretta et al., 2005;

Likhtik et al., 2005; Likhtik et al., 2008).

While the neural circuits within the BLA, CeA, and their affer-

ents are reasonably well understood (Pape and Pare, 2010;

Sah et al., 2003), little is known about the sources and nature

of connectivity of ITC neurons. However, a recent tract-tracing

study has suggested that IL inputs to the amygdala may not

directly innervate mITC neurons, thus questioning the current

circuit model (Pinard et al., 2012). Here, using targeted
Reports 10, 1435–1442, March 10, 2015 ª2015 The Authors 1435

mailto:pankaj.sah@uq.edu.au
http://dx.doi.org/10.1016/j.celrep.2015.02.008
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2015.02.008&domain=pdf


expression of channelrhodopsin in the AC, AT, and IL, we char-

acterize the afferent innervation of lITC andmITC neurons. These

results show that lITC neurons receive auditory input from both

cortical and thalamic regions. The mITC neurons receive input

from the BLA but also receive strong input from the AT. However,

mITC neurons are not directly innervated by afferents from the IL.

RESULTS

To study specific afferents to the amygdala, we performed tar-

geted injections of adeno-associated virus (AAV) to selectively

express the light-gated Channelrhodopsin2-yellow fluorescent

protein (ChR2-YFP) in the IL, the AC, or the AT in GAD67-

EGFP transgenic mice (Tamamaki et al., 2003) (Figure S1). First,

we tested inputs from the IL to the amygdala. In agreement with

previous anterograde tracing studies (McDonald, 1998; Vertes,

2004), transduction of YFP-tagged ChR2 in IL neurons resulted

in strong afferent labeling in the basal amygdala (BA; Fig-

ure S1A3). Optical stimulation of IL afferents to the BLA (Cho

et al., 2013; Hübner et al., 2014) evoked large and reliable inputs

in BA pyramidal neurons (n = 9/9; Figure 1D1). Mean excitatory

postsynaptic currents (EPSCs) and excitatory postsynaptic po-

tentials (EPSPs) in pyramidal neurons located ventrally in the

BA (vBA) had amplitudes of �74 ± 12 pA (holding potential, Vh,

�60mV) and 13.0± 0.6mV, respectively. Evoked synaptic inputs

were time locked to the light stimulus with small synaptic jitter

(0.37 ± 0.07ms) and no failures, which is consistent with amono-

synaptic connection. As compared to the vBA, fewer IL terminals

are apparent in more dorsal BA (dBA), neighboring the lateral

amygdala (Figure S1A3). Recordings from pyramidal neurons

of this dBA region revealed that optical stimulation of IL afferents

evoked a significantly smaller input (mean EPSC amplitude, �16

± 5 pA, Vh,�60mV, n = 4/5; one-way ANOVA, F(2, 13) = 19.1, p <

0.01) compared with vBA cells, and exhibited much larger syn-

aptic jitter (0.71 ± 0.04 ms), suggesting a polysynaptic input (Fig-

ures 1F and 1G).

ITC neurons were identified as the characteristic clusters of

EGFP-expressing cells located along the lateral and medial

borders of the BLA (Figures 1B2 and 1B3). Neurons in these

clusters had electrophysiological properties characteristic of

ITC neurons (Figures 1C2 and 1C3) (Busti et al., 2011) and ex-

pressed m-opioid receptors (Figure S2E), confirming their iden-

tity (Jacobsen et al., 2006). As described previously (Mcdonald

et al., 1996; Pinard et al., 2012; Pinto and Sesack, 2008), YFP-

expressing fibers labeling afferents from the IL could be seen

coursing through the mITC, but not the lITC (Figures S2C and

S2D). Optical stimulation of IL afferents to ITC neurons revealed

that neither lITC nor mITC received direct input from the IL

(lITC, n = 4; mITC, n = 19; Figures 1D2, 1D3, and 1F). In three

mITC cells, activation of IL afferents did evoke a small synaptic

current (mean amplitude: EPSC, �14 ± 3 pA; EPSP, 1.5 ±

1.2 mV) that had a large onset jitter (0.8 ± 0.11 ms; Figures

1D3, 1F, and 1G) and a high failure rate (28% ± 6%), consistent

with a polysynaptic input.

Electrical stimulation in the BA in acute brain slices has shown

that neurons in the mITC receive excitatory input from the BA

(Amano et al., 2010; Royer et al., 1999). We directly tested if py-

ramidal neurons in the BA project to mITC neurons by injecting
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AAV-ChR2 into the BLA (Figure 2A). Whole-cell recordings

from YFP-positive pyramidal neurons in the BA revealed that

optical stimulation evokes an inward current throughout the

duration of light illumination, consistent with membrane-bound

ChR2 expression (Figure 2B), and drives local neurons to

threshold in response to short light pulses (5 ms, n = 2/3; Fig-

ure 2E). Recordings from mITC neurons evoked single, time-

locked synaptic responses (mean EPSC amplitude, �32 ±

13 pA, n = 6; Figures 2C and 2F), with no prolonged inward

current. Evoked synaptic currents showed low response jitter

(0.54 ± 0.07 ms) and no failures, consistent with monosynaptic

input from BA to mITC neurons. In one mITC neuron, disynaptic

inhibitory postsynaptic currents (IPSCs) were also observed (Fig-

ure 2G), as expected from the connectivity within the mITC clus-

ter (Royer et al., 2000). Neurons in the BLA (Lopez de Armentia

and Sah, 2004) as well as mITC (Paré and Smith, 1993), project

to the lateral central amygdala (CeL), and these neurons also re-

sponded to BA-ChR2 illumination with time-locked EPSCs,

whichwere consistently followed by disynaptic IPSCs (n = 3; Fig-

ures 2D and 2G). While AAV-ChR2 injections to the BLA resulted

in some transduction of the piriform cortex, this structure has

very limited projections to the amygdala (Behan and Haberly,

1999). As described earlier, optical stimulation of IL terminals

evoked polysynaptic responses with a larger jitter in mITC cells.

As these responses were seen in slices in which suprathreshold

IL responses were present in BA pyramidal neurons, these small

IL-evoked inputs to mITC neurons are likely to be disynaptic,

arising from excitation of BLA pyramidal neurons.

As expected, electrical stimulation in the BA (Figure 2H)

evoked monosynaptic responses in mITC neurons (mean

EPSC amplitude, �49 ± 4 pA, n = 6; Figure 2I). Tetanic stimula-

tion of electrically evoked BLA inputs to some ITC neurons have

been shown to undergo synaptic plasticity (Royer and Paré,

2003). Consistent with this, tetanic stimulation of BLA inputs to

mITC neurons in GAD-67 EGFP mice also evoked long-term

potentiation (LTP) in five of 25 cells tested (mean potentiation:

164% ± 9%; Student’s t test, p < 0.01, compared to the baseline

response, measured 40 min after electrical BLA stimulation; Fig-

ure 2J). However, the majority of cells tested (20 of 25) showed

no significant change in synaptic strength, with a 2.4% ± 0.3%

increase compared to baseline (Student’s t test: p > 0.05; Fig-

ure 2J). Taken together, these results suggest that IL inputs to

the amygdala do not innervate mITC neurons but can drive pyra-

midal neurons in the ventral BLA to threshold. Thus, stimulation

of IL afferents evokes disynaptic excitation of mITC neurons via

the BLA. Moreover, this BLA input to mITC neurons is capable of

undergoing long-term synaptic plasticity.

mITC neurons provide feed-forward inhibition to the CeA (Du-

varci and Pare, 2014) and have been proposed to play a key role

in fear extinction, being driven by input from the IL (Duvarci and

Pare, 2014; Likhtik et al., 2008). In contrast, lITC neurons are

thought to provide cortical feed-forward inhibition to BLA pyra-

midal neurons (Marowsky et al., 2005). While mITC neurons are

clearly involved in fear extinction (Likhtik et al., 2008), the role

of lITC neurons is not known. We have shown that neither lITC

nor mITC neurons receive input from the IL. Therefore, we asked

whether ITC neurons receive input from other extra-amygdaloid

brain regions known to be involved in auditory fear learning. The
s



Figure 1. IL Afferents Directly Innervate BA Neurons but Not ITCs

(A1–A3) Schematic illustration of the injection sites for channelrhodopsin expression in the IL and recording sites for BA principal neurons (A1), lITC (A2), and mITC

neurons (A3). LA, lateral amygdala.

(B1–B3) Flattened apotome z stack images of recorded neurons: BA pyramidal neuron (B1), lITC neuron (B2), or mITC neuron (B3). Neurons filled with biocytin (red)

are shown in slices from GAD67-EGFP animals (green). Scale bars represent 10 mm.

(C1–C3)Whole-cell recordings from neurons in the BA, lITC, andmITC shown in (B). Shown is the response to current injections of�100 pA (gray), threshold (blue),

and twice threshold (black). Recordings were made at the indicated resting membrane potential.

(D1–D3) Light-evoked (blue bars) response to stimulation of IL afferents recorded in current clamp (CC) and voltage clamp (VC; Vh, �60 mV).

(E1–E3) Summary pie charts showing the percentage of cells that received direct innervation (green), no innervation (black), and indirect (disynaptic) innervation

(red) from the IL. The inset in (E3) shows the failure rate, measured as the number of failures for each sampled neuron divided by the total times of light illumination,

of the evoked EPSC in three mITC neurons.

(F) Summary for peak EPSC amplitudes evoked by light stimulation of IL afferents in vBA, dBA, and mITC.

(G) Plotted is the SD of EPSC onset latencies (jitter) in vBA, dBA, and mITC in response to light-evoked IL terminal stimulation. **p < 0.01.

Error bars indicate mean ± SEM.
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Figure 2. BLA Principal Neurons Innervate mITC Neurons

(A) Fluorescence image showing the AAV-ChR2 injection site in the BLA.

(B–D) Panels on the left show schematics illustrating stimulated inputs (green) and indicated recording sites (blue) in the BLA (B), mITC (C), and CeL (D). The traces

on the right show light-evoked responses (blue bar) recorded at a Vh of �60 mV. Channelrhodopsin-transduced BA neurons showed an inward current for the

duration of light stimulation (blue bar), indicating AAV-ChR2 virus transduction. mITCs were not infected, as only single, time-locked synaptic responses were

observed in response to prolonged light stimulation. In CeL neurons, optical stimulation evoked EPSCs at �60 mV and IPSCs at �40 mV. PN, principal neuron.

(E) In current clamp, vBA neurons discharged action potentials in response to light stimulation.

(F) Graph on the left shows a summary plot ofmeanmITC EPSC amplitudes in response to optical terminal stimulation of BLA afferents. The synaptic jitter of these

responses is shown on the right.

(G) Summary data showing the percentage of CeL and mITC neurons that received EPSCs and disynaptic IPSCs (blue) or EPSCs alone (green).

(H) Fluorescence image of the amygdala in a GAD67-EGFP animal with clear identification of themITC cluster and indication of the electrical stimulation site within

the BA. LA, lateral amygdala; BA, basal amygdala; mITC, medial ITC; CeL, lateral division central amygdala; CeM, medial division central amygdala.

(I) Electrical stimulation in the BA-evoked EPSCs in mITC neurons; the summary data of evoked EPSC amplitudes is shown in the histogram.

(J) BLA input to mITC neurons can undergo LTP. The schematic shows the recording and stimulation configuration. The upper panel on the right shows the

response to tetanic stimulation (Experimental Procedures) of BLA input tomITC neurons. Tetanic stimulation results in LTP of the synaptic input. EPSPs recorded

in the baseline (left) and 30 min following tetanic stimulation (right) are shown as insets. The lower panel shows the response to different populations of mITC

neurons where tetanic stimulation had no effect on synaptic input. The pie chart shows the summary of all cells tested, with 20% of recorded neurons showing

LTP. REC, recording electrode.

Error bars indicate mean ± SEM.
amygdala receives afferents from both the AT (LeDoux et al.,

1984, 1991) and secondary AC (Mascagni et al., 1993; Romanski

and LeDoux, 1993), and we tested inputs from the AT and AC by

selectively injecting AAV-ChR2 into both regions (Figures S1B

and S1C).
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As expected, both AT and AC injections produced significant

labeling in the lateral amygdala (Figures S1B3 and S1D3). For AT

injections, YFP-expressing axons were apparent in both the lITC

and mITC cell clusters (Figures S3B and S3C). For AC injections,

terminal labeling was strong in the lITC cell cluster but appeared
s



comparatively sparse in themITC (Figures S3D and S3E). Optical

stimulation of AC afferents to lITC neurons (Figure 3A1) evoked

robust synaptic responses (11 of 15; mean amplitude: EPSC,

�66 ± 14 pA; EPSP, 11 ± 2 mV; Figures 3E1, 3G, and 3H). This

response was time locked to the light stimulus with little jitter

(0.45 ± 0.05 ms, n = 11; Figure 3I) and no failures, consistent

with monosynaptic AC input to these neurons. In lITC neurons

that received excitatory input from the AC, depolarization of

the neuron to �40 mV revealed a disynaptic inhibitory current

(n = 7/12; Figure 3J). Stimulation of AT inputs to lITC neurons

(Figure 3A2) also evoked large and time-locked synaptic re-

sponses (mean amplitude: EPSC, �133 ± 44 pA; EPSP, 14 ±

3 mV, n = 7/16; jitter: 0.24 ± 0.07 ms; Figures 3E2 and 3G–3I).

As with cortical input, some neurons (four of seven) also dis-

played a disynaptic inhibitory current. Moreover, in two neurons

(two of 16), no EPSC was apparent, but a disynaptic IPSC was

apparent (Figure 3J). Thus, lITC neurons receive both cortical

and thalamic auditory input.

In the mITC cell cluster, most neurons (nine of 13) were mono-

synaptically innervated by AT inputs (Figures 3A3 and 3F3). Op-

tical stimulation evoked time-locked synaptic responses (mean

amplitude: EPSC, �72 ± 14 pA; EPSP, 10 ± 2 mV; Figures 3E3,

3G, and 3H) with little onset jitter (0.30 ± 0.06ms, n = 9; Figure 3I).

Moreover, in six of nine neurons, depolarization to �40 mV re-

vealed disynaptic inhibition (Figure 3J). Paired recordings be-

tween mITC cells have shown that these cells are synaptically

coupled (Geracitano et al., 2007); thus, these disynaptic IPSCs

may originate from local mITC inhibition. Optical stimulation of

AC afferents to mITC neurons also evoked synaptic inputs (n =

3; Figures 3A4 and 3E4). However, this input was small (mean

amplitude: EPSC, �23 ± 11 pA; EPSP, 4 ± 2 mV; Figures 2H

and 3G), had a high failure rate (60% ± 3%), and had a signifi-

cantly large response jitter (0.97 ± 0.08 ms; one-way ANOVA,

F(3, 26) = 13.6; p < 0.001 (Figure 3I), suggesting disynaptic exci-

tation, most likely, via the BLA. Together, these results show that

mITC neurons receive strong monosynaptic input from the AT.

However, input from the AC appears to be small and, likely,

disynaptic.

DISCUSSION

The ITCs are clusters of inhibitory neurons that surround the BLA

(Millhouse, 1986; Pinard et al., 2012) and provide inhibitory con-

trol of neurons in the BLA and CeA (Marowsky et al., 2005; Pal-

omares-Castillo et al., 2012). lITC neurons, located within the

external capsule, are thought to provide feed-forward inhibitory

control for cortical input to BLA pyramidal neurons (Marowsky

et al., 2005). Our results show that lITC neurons receive auditory

input from both thalamic and cortical areas that is large enough

to drive them to threshold. Dopamine has been shown to presyn-

aptically depress feed-forward inhibition mediated by local inter-

neurons in the BLA, thus facilitating plasticity of thalamic input to

the BLA (Bissière et al., 2003). lITC cells are densely innervated

by putative dopaminergic terminals and are inhibited by dopa-

mine (Marowsky et al., 2005). Dopamine is released into the

amygdala during stressful episodes (Inglis and Moghaddam,

1999), and dopamine receptor activity is known to affect fear

learning (Guarraci et al., 1999). Our results suggest that dopami-
Cell
nergic input to the amygdala would result in widespread reduc-

tion of auditory feed-forward inhibition, disinhibiting pyramidal

neurons in the BLA.

IL activity is required for expression of fear extinction (Milad

and Quirk, 2002; Sierra-Mercado et al., 2011; Vidal-Gonzalez

et al., 2006), and stimulation of the medial prefrontal cortex in-

hibits BLA-driven activity of the CeL (Quirk et al., 2003). The

mITCs, located between the BLA and CeA, provide feed-for-

ward inhibition between the BLA and CeA (Royer et al., 1999)

and are thought to act as an inhibitory gate between these

two nuclei. Neurons in the mITC cluster can be driven by the

medial prefrontal cortex (Amir et al., 2011; Berretta et al.,

2005), and disruption of these neurons reduces extinction (Likh-

tik et al., 2008). Therefore, it has been proposed that, during fear

extinction, IL projections to the amygdala directly drive mITC

neurons, thus inhibiting CeA output (Duvarci and Pare, 2014;

Pape and Pare, 2010). Anatomical tracer studies have shown

that afferents from the IL are present in the region of the mITC

(Mcdonald et al., 1996; Pinard et al., 2012; Pinto and Sesack,

2008; Vertes, 2004). Using selective ChR2 expression in the

IL, however, we found that neurons in the mITC cell cluster do

not receive direct IL inputs. However, BA pyramidal neurons

in the same slices clearly responded to IL-specific afferent stim-

ulation, consistent with the robust density of ChR2-positive

terminals in the BA. In turn, as BA neurons innervate the

mITC, IL activity can drive mITC cells disynaptically via the

BA. In agreement with this, activation of IL afferents did evoke

small disynaptic EPSCs in some mITC neurons. Our results

are in apparent contrast to recent results, where it has been

suggested that mITC neurons receive large IL inputs (Cho

et al., 2013). The reason for this discrepancy is not clear. It is

notable, however, that, in the Cho et al. study, neurons were

identified as clusters of cells in acute slices from C57Bl6 mice

but were not definitively identified as being ITC neurons. In

contrast, in our study, recordings were made from transgenic

GAD67-EGFP mice where interneurons were identified by

the EGFP expression, and ITC neurons were distinguished by

m-opioid receptor labeling (Jacobsen et al., 2006).

In summary, we have shown that both the lITC and the mITC

neurons receive strong auditory input from cortical and thalamic

sources. Thus, activity of these GABAergic neurons is likely to

contribute to fear learning. The mITC neurons do not receive

direct IL input, and we suggest that the role of these neurons

in fear extinction is likely mediated by input from BA pyramidal

cells. One interesting question to address in future studies is

whether ‘‘extinction neurons’’ that are seen during fear extinction

(Herry et al., 2008) may be projection neurons to the mITC.
EXPERIMENTAL PROCEDURES

GAD67-EGFP knockin mice on a C57BL/6 background were used, which

allowed for the clear identification of GABAergic ITC clusters. All experi-

mental and animal care procedures were in accordance with the Australian

Code of Practice for the Care and Use of Animals for Scientific Purposes

and approved by the Animal Ethics Committee for the University of

Queensland. AAVs were obtained from Penn Vector Core (AAV2/5.hsynap.

syn.hChR2(H134R)-GFP.W.SV40). Stereotactic viral injections were perfor-

med using standard procedures (see the Supplemental Experimental Proce-

dures for full details).
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Figure 3. Auditory Afferents Innervate Both mITC and lITC Neurons

(A1–A4) Schematics illustrating injection sites in AT and AC and recording sites in lITC (A1 and A2) or mITC (A3 and A4). LA, lateral amygdala.

(B1–B4) Channelrhodopsin-YFP-expressing afferents (green) in the region of the lITC (B1 and B2) and mITC (B3 and B4).

(C1 and C2) lITC and mITC neurons were filled and subsequently immunolabeled for neurobiotin. Shown are flattened apotome z stack images of neurons re-

corded in the lITC (C1) and mITC (C2). Scale bars represent 20 mm.

(D1–D4) Discharge properties of lITC (D1 and D2) and mITC neurons (D3 and D4) in response to somatic current injections of �75 pA (gray), threshold (black), and

twice threshold (blue). Recordings were made from resting potential as indicated.

(E1–E4) Light (blue bar)-evoked AT and AC responses recorded in current clamp (top) or voltage clamp (bottom; Vh, �70 mV) in neurons in the lITC (E1 and E2) or

mITC (E3 and E4). The inset shows a magnified image of the traces recorded in voltage clamp to highlight onset latencies.

(F1–F4) Pie charts summarize the percentage of cells that received direct (green) or indirect (black) inputs from the AC (F1) and AT (F2 and F3). The failure rate of

three mITCs, measured as the number of failures for each sampled neuron divided by the total number of light illuminations, is shown in (F4).

(G and H) Summary plot of EPSP (G) and EPSC (H) amplitudes in lITCs and mITCs, in response to light-evoked AT (light gray) and AC (dark gray) terminal

stimulation. Direct and indirect connections are labeled and separated by the dashed line. Cells that were driven to threshold are indicated in blue.

(I) Synaptic onset jitter of light-evoked EPSCs in lITC and mITC neurons for AT (light gray) and AC (dark gray) terminal stimulation.

(legend continued on next page)
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Acute brain slices were prepared and maintained at 32 ± 2�C during whole-

cell recordings using standard procedures. Current and voltage-clamp record-

ings were made using a MultiClamp 700B amplifier (Molecular Devices).

Recordings were filtered at 6 kHz and digitized at 10–20 kHz using an ITC-

18 (InstruTech). Recordings were acquired and analyzed offline using Axo-

graph X. ChR2-infected axonal projections were driven with 5-ms, 0.1-Hz,

whole-field LED illumination at blue excitation wavelengths �470 nm long

(CAIRN OptoLED or CoolLED), and light-evoked photocurrents were recorded

in whole-cell patch-clamp configuration. The light intensity at the specimen

was 5.3 mW/mm2. Data are expressed as mean ± SEM.
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Royer, S., and Paré, D. (2003). Conservation of total synaptic weight through

balanced synaptic depression and potentiation. Nature 422, 518–522.
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