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Laminar- and Target-Specific Amygdalar Inputs in Rat
Primary Gustatory Cortex
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The primary gustatory cortex (GC) receives projections from the basolateral nucleus of the amygdala (BLA). Behavioral and electrophys-
iological studies demonstrated that this projection is involved in encoding the hedonic value of taste and is a source of anticipatory
activity in GC. Anatomically, this projection is largest in the agranular portion of GC; however, its synaptic targets and synaptic properties
are currently unknown. In vivo electrophysiological recordings report conflicting evidence about BLA afferents either selectively activat-
ing excitatory neurons or driving a compound response consistent with the activation of inhibitory circuits. Here we demonstrate that
BLA afferents directly activate excitatory neurons and two distinct populations of inhibitory neurons in both superficial and deep layers
of rat GC. BLA afferents recruit different proportions of excitatory and inhibitory neurons and show distinct patterns of circuit activation
in the superficial and deep layers of GC. These results provide the first circuit-level analysis of BLA inputs to a sensory area. Laminar- and
target-specific differences of BLA inputs likely explain the complexity of amygdalocortical interactions during sensory processing.
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Introduction
The basolateral nucleus of the amygdala (BLA) plays a crucial role
in a multitude of functions, including reward processing, emo-
tional learning, attention, and anticipation of outcomes on the
basis of predictive cues (Baxter and Murray, 2002; Phelps and
LeDouz, 2005; Balleine and Killcross, 2006; Pessoa and Adolphs,
2010). BLA is also heavily involved in modulating sensory pro-
cesses (Ferreira et al., 2005; Fontanini and Katz, 2006; Grossman

et al., 2008; Chavez et al., 2009; Fontanini et al., 2009; Roesch et
al., 2010; Rodríguez-Durán et al., 2011). This function has been
extensively studied in reference to gustatory processing due to the
dense connection between BLA and the gustatory cortex (GC)
(Saper, 1982; Allen et al., 1991; Maffei et al., 2012).

Experiments combining pharmacological inactivation with en-
semble recordings in GC showed that amygdalar inputs are neces-
sary for coding taste palatability (Piette et al., 2012) and for the
processing of anticipatory cues (Samuelsen et al., 2012, 2013; Gard-
ner and Fontanini, 2014). Silencing BLA greatly affects the firing
rates of GC neurons in response to taste stimulation, specifically
suppresses palatability processing (Piette et al., 2012), and reduces
the magnitude of spiking responses to taste-predicting cues in GC
(Samuelsen et al., 2012). Additional electrophysiological, behavioral,
and pharmacological evidence points at the importance of this
connection for changes in palatability occurring with taste learning
(Ferreira et al., 2005; Grossman et al., 2008; Rodríguez-Durán et al.,
2011).

Although the functional roles of the BLA-GC projection have
been extensively studied, much less is known about the synaptic
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Significance Statement

Projections from the basolateral nucleus of the amygdala (BLA) to the cortex convey information about the emotional value and
the expectation of a sensory stimulus. Although much work has been done to establish the behavioral role of BLA inputs to sensory
cortices, very little is known about the circuit organization of BLA projections. Here we provide the first in-depth analysis of
connectivity and synaptic properties of the BLA input to the gustatory cortex. We show that BLA afferents activate excitatory and
inhibitory circuits in a layer-specific and pattern-specific manner. Our results provide important new information about how
neural circuits establishing the hedonic value of sensory stimuli and driving anticipatory behaviors are organized at the synaptic
level.
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organization and properties of this input. Anatomical data indi-
cate that BLA afferents target deep and superficial layers in
agranular GC (aGC) and part of dysgranular GC (dGC) (Saper,
1982; Allen et al., 1991). Initial reports suggested that BLA affer-
ents synapse onto pyramidal neurons (Smith and Paré, 1994;
Paré et al., 1995). Other work, however, showed that stimulation
of BLA can result in a combination of excitatory and inhibitory
effects (Yamamoto et al., 1984; Hanamori, 2009; Stone et al.,
2011). For instance, a recent study showed that a single electrical
stimulus in BLA evokes a compound synaptic response consis-
tent with activation of excitatory and inhibitory neurons in GC
(Stone et al., 2011). It is unknown whether these responses result
from the recruitment of feedforward inhibition or are polysyn-
aptic. Furthermore, as most of the physiological studies on the
BLA-GC connection have not taken into account the laminar
distribution of the responses, no information is available on the
possible differential action of this input on different cortical
layers.

Here we show that BLA inputs activate feedforward excitatory
and inhibitory circuits in superficial and deep layers of aGC. BLA
afferents make monosynaptic connections with pyramidal neu-
rons and two distinct populations of inhibitory neurons. The
connectivity of this projection shows layer-specific differences.
BLA axons contact a large percentage of excitatory and inhibitory
neurons in the superficial layers, but the connectivity is reduced
in the deep layers. In addition, while the strength of BLA inputs
onto inhibitory neurons is similar across aGC, evoked synaptic
responses onto pyramidal neurons are much larger in the super-
ficial layers. Analysis of excitatory and inhibitory synaptic cur-
rents evoked onto pyramidal neurons using different activity
regimens unveiled differences in the mode of activation of the
circuits in the superficial and deep layers. Our results provide the
first report of the synaptic organization of BLA inputs in aGC and
highlight the complexity of amygdalocortical interactions under
distinct activity regimens.

Materials and Methods
All surgical and experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Stony Brook University and
followed the guidelines of the National Institutes of Health.

Surgical procedures. We used an optogenetic approach to examine the
BLA-GC synapse in an acute slice preparation. Briefly, Long–Evans rats
of both sexes, aged 14 d (P14), were anesthetized with a mixture contain-
ing 70 mg/kg ketamine, 0.7 mg/kg acepromazine, and 3.5 mg/kg xylazine.
Adeno-associated viral particles, serotype 9, that drive the expression of
Channelrhodopsin2 (ChR2) and enhanced yellow fluorescent protein
under the CAG promoter (AAV9-ChR2-EYFP) (Petreanu et al., 2007;
Wang et al., 2013) were injected into the BLA (2.1 mm posterior to
bregma; 4.7 mm lateral to midline; 7.0 mm below the pia) using a nano-
ject pressure injector (Drummond Nanoject II; 500 nl volume containing
50 � 10 12 particles/nl). AAV9 was chosen because it is primarily trans-
ported anterogradely. Furthermore, ChR2 expressed via AAV9 does not
alter the short-term dynamics of evoked responses (Jackman et al., 2014).
The lack of any backfilled somata in GC in all of our preparations further
confirms the forward direction of transport of our construct and indi-
cates that only BLA terminal fields in GC were activated by light pulses.
To verify injection coordinates, sections containing BLA were imaged
with confocal microscopy (Olympus Fluoview). Coronal slices contain-
ing the primary gustatory cortex (1.5 mm to bregma) were prepared 14 d
after the injection, and the level of viral expression in GC was quantified
by analyzing the intensity of EYFP expression across all lamina.

To ensure consistency of ChR2-EYFP expression across preparations,
a calibration curve of the EYFP fluorescence intensity was obtained
across several slices from several rats (Wang et al., 2013). The rationale
for using a calibration curve in this context is to assess the degree of

variability of the expression of the construct across preparations and
include in the analysis only data obtained from preparations with com-
parable levels of the light-gated conductance. This information is critical
to ensure that possible differences in the dataset are not biased by differ-
ences in the level of expression of the viral construct. In our preparation,
BLA neurons are not preserved, therefore making sure that synaptic data
are obtained from preparations in which a comparable proportion of
terminal fields is activated is key to ensure that possible differences in the
synaptic data are due to actual differences in synaptic properties. As EYFP
is coexpressed with ChR2, measuring the level of EYFP fluorescence in
GC is a good approximation of the level of expression of ChR2 in the
terminal fields. The calibration curve shown in Figure 3A was obtained
from several preparations (n � 10 rats) used specifically to assess histo-
logically the level of expression of the AAV9-ChR2-EYFP construct in
our preparation. Two weeks after injection, animals were perfused int-
racardially with 4% PFA. Thin slices (50 �m) containing the BLA and
aGC were prepared, counterstained with Hoechst to visualize layers,
mounted, and coverslipped. Images of BLA and aGC were taken using a
confocal microscope and analyzed offline with ImageJ. In these 10 ani-
mals, we verified the goodness of our stereotaxic coordinates by assessing
that the injection site was specific to BLA with no aspecific expression or
leakage of the construct in the areas surrounding BLA. We then quanti-
fied the intensity of EYFP in aGC, as a measure of the level of coexpres-
sion of ChR2, over a 100-�m-wide region of interest spanning aGC from
the pia to the claustrum. The fluorescence intensity was averaged across
at least 3 slices for each of the 10 animals and then across animals. The SD
across preparations was also determined. These data were used to estab-
lish the calibration curve (see Fig. 3A). At the end of each electrophysio-
logical experiment, slices were fixed to assess the identity and location of
recorded neurons and to quantify the intensity of EYFP fluorescence. The
level of EYFP fluorescence was compared with the calibration curve, and
only recordings from preparations whose EYFP expression was within 1
SD of the calibration curve were included in the analysis. After establish-
ing the calibration curve, the profile of EYFP expression was quantified
for each slice used for electrophysiological recordings, and only data
obtained from slices whose expression profile was within 1 SD from the
calibration curve were included in the analysis (see Fig. 3A). This allowed
for comparisons across preparations with similar levels of ChR2 expres-
sion in the BLA terminal fields in GC.

Electrophysiology. Following a minimum incubation period of 14 d
after surgery, rats were anesthetized with isoflurane and acute coronal
slices containing GC were prepared. Briefly, once anesthetized, rats were
decapitated and the brain was dissected out in ice-cold, oxygenated
ACSF. Slices (300 �m) were cut with a vibratome (Leica VT1000) and
allowed to recover in a continuously oxygenated chamber at room tem-
perature. To verify the specificity of the injection site, coronal slices
containing BLA were also prepared from each brain. In addition, to
ensure sufficient levels of expression of the construct, patch-clamp re-
cordings were performed in BLA at the start of each experiment (see Fig.
1). After visual and functional confirmation of successful BLA injections,
patch-clamp recordings were obtained from visually identified neurons
in the supragranular (sGC) and infragranular (iGC) laminae of aGC.
Under DIC optics, aGC was identified from its proximity to piriform
cortex and the rhinal fissure, and the absence of layer 4.

Pyramidal neurons, fast-spiking, parvalbumin-expressing neurons
(FS-PV), and regular-spiking, nonpyramidal, somatostatin-expressing
neurons (RSNP-SOM) were identified online by their firing patterns in
response to hyperpolarizing and depolarizing current steps (50 pA) de-
livered to the cell in current-clamp mode. Their identity was confirmed
by post hoc morphology reconstruction and immunostaining with spe-
cific markers.

BLA terminal fields (or BLA neurons in slices containing BLA) were
activated with brief light pulses (5 ms) delivered through a 40� water-
immersion objective using a blue LED (470 nm, ThorLabs) mounted on
the fluorescence pathway of an upright microscope (Olympus BX51WI).
LED stimulation intensity, duration, and frequency were controlled
through an LED driver (ThorLabs) connected to the digital output of a
Multipatch clamp amplifier (HEKA). The light power at the level of the
tissue was quantified with an optical power meter (Coherent). In a subset
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of experiments designed to isolate excitatory and inhibitory currents
evoked by BLA terminal field stimulation, recordings were made using a
cesium-based internal solution (see solutions). To isolate combined
AMPA-NMDA currents, neurons were held at the Erev for GABAA-
mediated currents, whereas GABAA-mediated currents were isolated by
holding neurons at the Erev for excitatory currents. The Erev for each was
determined by holding neurons between �50 mV and �30 mV in 5 mV
increments (GABAA) and between �5 mV and 15 mV (AMPA-NMDA).
When corrected for the liquid junction potential, the average Erev for
GABAA was �49.2 � 1.4 mV and 4.8 � 1.5 mV for AMPA-NMDA, close
to the predicted values for our internal solution.

Trains of 5 light pulses (5 ms each) at 10 Hz were used to determine the
short-term dynamics of BLA-EPSCs onto PYR, FS-PV, and RSNP-SOM
neurons. The 10 Hz frequency was chosen for the following reasons: (1)
BLA neurons reliably fire in response to trains of light pulses at this
frequency (see Fig. 1C); (2) this frequency is sufficiently high to evoke
dynamics changes in BLA-EPSC amplitudes over the course of the train
in GC neurons (see Fig. 4); and (3) this frequency is consistent with BLA
firing rates observed in alert animals (Fontanini et al., 2009).

Tonic activation of BLA terminal fields was achieved by using a ramp
stimulus in which the intensity of LED stimulation, controlled through
the LED driver connected to an analog output of the amplifier, was slowly
increased from 0 to 0.3 mW/mm 2 over a 6 s period. Our choice of
stimulation was based on recent results showing that repetitive light
pulses of constant intensity decrease the efficiency of light stimulation
over time (either for terminal field or neuron stimulation) (Lin et al.,
2009). The ramp, on the other hand, progressively recruits presynaptic
terminals while maintaining the efficiency of ChR2 stimulation. Thus,
ramp stimuli avoid confounds due to progressive loss of efficiency of the
stimulation over time, providing a better correlate to sustained or “tonic”
activation of BLA afferents. An additional bonus of ramp stimulation of
terminal fields is that it allows us to achieve asynchronous activation of
axon terminals and engage recurrent circuits.

The quality and stability of the experimental conditions were moni-
tored online by measuring the series resistance (Rs) throughout the re-
cordings. Neurons with Rs � 20 M� or with Rs that changed �10%
during the recording were not included in the analysis.

Immunohistochemistry. Recorded slices were fixed in 4% PFA for 1
week. After that, they were washed in PBS, permeabilized, and blocked in
a solution containing PBS, 1% Triton X, and 10% fetal serum for 2 h,
then incubated overnight at 4°C in a solution containing PBS, 0.1%
Triton X, 3% fetal serum, and either rat anti-somatostatin (1:100, Ther-
moFisher) or rabbit anti-parvalbumin (1:1000, Swant). GC slices were
then rinsed in PBS and incubated at 25°C for 1.5 h in a solution contain-
ing PBS, 0.1% Triton X, 3% fetal serum, and either DyLight 405-
conjugated goat anti-rat (1:500, Jackson ImmunoResearch Laboratories)
or AlexaFluor-405-conjugated goat anti-rabbit (1:500, Invitrogen). BLA
slices were incubated overnight at 4°C in a solution containing PBS, 0.1%
Triton X, 3% fetal serum, rabbit anti-GFP (1:1000, Invitrogen) followed
by 20 min in a solution containing PBS and Hoechst 33342 (1:5000,
Invitrogen). All slices were then rinsed in PBS and incubated overnight at
4°C in a solution containing PBS, 0.1% Triton X, and streptavidin-Alexa-
594 (1:1000, Invitrogen). After a final wash in PBS, slices were mounted
with Fluoromount-G and imaged with a confocal microscope (Olympus
Fluoview).

Data analysis. Data are presented as mean � SE. Normality of data
distribution was verified with the Kolmogorov–Smirnov test. Statistical
significance was determined with two-tailed, unpaired t tests. Significant
differences in cumulative distributions were assessed using two-sample
Kolmogorov–Smirnov tests. Input resistance was calculated from the
linear portion of the voltage response to a �50 pA current injection. To
test for significant differences in the proportion of BLA-responsive
neurons, � 2 for contingency, Pearson correction, was applied. Event-
triggered average of light-evoked BLA-EPSC was used to align BLA-
EPSC onset and calculate the average amplitude of the light-evoked
response. Latencies of BLA-evoked responses were calculated from the
onset of the phasic 5 ms light pulse. The rise time of EPSCs evoked by
stimulation of BLA afferents was computed from the onset of the re-
sponse to the current peak, and decay time constant was calculated by

fitting a single exponential function from the current peak as it decayed
to baseline. Total synaptic charge was calculated by integrating each cur-
rent trace.

The short-term plasticity of BLA-EPSCs in response to trains of light
pulses was quantified by normalizing the amplitude of each BLA-EPSC in
the train to the first BLA-EPSC. This analysis was performed on each
recorded neuron. Only after normalizing BLA-EPSC, amplitudes within
each recorded neurons normalized data were averaged within each
group. Data are presented as normalized amplitude over the number of
BLA-EPSC in the train. Statistical comparisons, one-way ANOVA, and
post hoc unpaired t test were performed to assess possible differences
within group of neurons due to laminar location.

For ramp experiments, synaptic charge was calculated for 6 s in each
epoch (baseline, ramp, and after ramp). Spontaneous events were quan-
tified during the 6 s period immediately before the ramp (baseline), the
2 s period before the end of the ramp (ramp), and the 2 s period after the
ramp (after ramp).

Where appropriate, the Bonferroni correction was applied for multi-
ple comparisons. For all statistical tests, p values �0.05 were considered
significant.

Solutions. ACSF contained the following (in mM): 126 NaCl, 3 KCl, 25
NaHCO3, 1 NaHPO4, 2 MgSO4, 2 CaCl2, 14 dextrose. Internal solution is
as follows (in mM): 100 K-Glu, 20 KCl, 10 K-HEPES, 4 Mg-ATP, 0.3
Na-GTP, 10 Na-phosphocreatine, 0.4% biocytin (Vrev [Cl �1] � �49.8
mV). The pH of the internal solution was adjusted to 7.35 with KOH and
the osmolarity was adjusted to 295 mOsm with sucrose. In a set of exper-
iments designed to investigate the excitatory and inhibitory components
of BLA-evoked responses with single light pulses (see Fig. 5) or ramps
(see Fig. 6), the internal solution contained the following (in mM): 20
KCl, 100 Cs-sulfate, 10 K-HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 Na-
phosphocreatine, 3 QX-314 (Tocris Bioscience), 0.2% biocytin (Vrev

[Cl �1] � �49.3 mV). To promote spontaneous activity for ramp exper-
iments, we used a modified ACSF composed of the following (in mM):
124 NaCl, 3.5 KCl, 0.5 MgCl2, 1.25 NaHPO4, 26 NaHCO3, 1 CaCl2, 14
dextrose. For ramp experiments in which the overall activation of GC was
investigated without separating excitatory and inhibitory currents (see
Fig. 6), we used an internal solution that mimicked the reversal potential
for excitation and inhibition in intact animals containing the following
(in mM): 4 KCl, 116 K-Glu, 10 K-HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10
Na-phosphocreatine, 0.4% biocytin (Vrev [Cl �1] � �91.6 mV). In ex-
periments in which pharmacological tools were used, all drugs were bath
applied at the following concentrations as follows (in �M): 1 TTX (Tocris
Bioscience), 100 4-aminopyridine (4-AP) (Tocris Bioscience), 20 DNQX
(Tocris Bioscience), and 50 APV (Tocris Bioscience).

Results
To determine how BLA afferents activate GC, we relied on a
combination of whole-cell, patch-clamp recordings in acute cor-
onal slices of GC and optogenetic tools. BLA neurons were
infected with a viral vector carrying a construct in which the
light-gated conductance ChR2 was coexpressed with EYFP. The
construct was packaged in an adeno-associated virus serotype 9
and injected in the BLA of young rats (for rationale and proce-
dures, see Materials and Methods). With this approach, we were
able to express the light-gated conductance in BLA terminal fields
in GC and stimulate them selectively using light pulses. The co-
expression of EYFP and ChR2 allowed us to visually confirm the
location of the injection site (Fig. 1A). To assess sufficient expres-
sion of the light-gated protein in BLA neurons, we prepared acute
slices containing BLA from a group of injected animals, recorded
from BLA neurons (Fig. 1B), and verified that light stimuli could
drive them above threshold for action potential generation (Fig.
1C). We also verified the reliability of action potential generation
in BLA neurons in response to trains of brief (5 ms at 0.3 mW/
mm 2) light pulses delivered at different frequencies (Fig. 1C).
LED phasic stimulation reliably drove BLA neurons (n � 19)
above threshold across a range of frequencies from 5 to 20 Hz
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(Fig. 1D; spike fidelity percentage: 5 Hz, 99.0 � 4.4%; 10 Hz,
99.4 � 2.0%; 20 Hz, 96.9 � 11.9%). To elicit tonic firing in BLA
neurons and avoid pulsatile stimulation, we used ramping stim-
uli, in which the intensity of the LED was slowly increased over a
period of 6 s (Fig. 1E). This mode of stimulation has the ability to
drive the light gated channels over long periods of time (Adesnik
and Scanziani, 2010) (Fig. 1E). LED ramping stimuli reliably de-
polarized BLA neurons and led them to fire action potentials
throughout the entire 6 s stimulation period (Fig. 1E; n � 5)
(Faber and Sah, 2002). Finally, we verified that the BLA axons in
GC expressed the ChR2-EYFP construct and that no retrograde
labeling occurred by imaging and analyzing coronal slices con-
taining GC (Fig. 1F; see Fig. 3A). These data indicate that we
obtained sufficient expression of our construct in the BLA to
effectively drive neurons above threshold using different patterns
of light stimulation. In addition, we show that BLA axons in GC
also express the light-gated conductance.

Target-specificity of BLA input
To study the synaptic organization of the BLA-GC connection,
we combined optogenetic stimulation with patch-clamp record-
ings from visually identified neurons in the aGC. Most studies
identified excitatory neurons as the main target of amygdalocor-
tical projections (Paré et al., 1995); therefore, we initially ana-
lyzed EPSCs (BLA-EPSCs) in regular spiking neurons with
pyramidal morphology (PYR). Biocytin fills and post hoc recon-
structions were used to confirm the morphology and location of
recorded neurons (Fig. 2A). Brief (5 ms at 0.3 mW/mm 2) phasic
pulses of LED stimulation resulted in fast inward currents in PYR
neurons (Fig. 2B). The monosynaptic nature of the BLA-EPSC
recorded from PYR neurons was verified by sequential and addi-

tive bath application of TTX and the A-type potassium channel
blocker 4-AP. TTX eliminated evoked currents, consistent with a
blockade of the light activation of sodium conductance in BLA
terminal fields. The addition of 4-AP, which lengthens the depo-
larization of presynaptic terminals evoked by light pulses, al-
lowed for a partial recovery of the BLA-EPSC (Fig. 2B; PYR, n �
10). These experiments indicate that the light-evoked response is
not driven by the recurrent circuit but is due to the selective
activation of BLA afferents. BLA-EPSCs onto PYR neurons were
completely eliminated by bath application of the NMDA and
AMPA receptor blockers APV and DNQX, indicating that, in
addition to being monosynaptic, BLA-EPSCs are glutamatergic
(Fig. 2B; PYR, n � 10) (Cruikshank et al., 2010).

To investigate whether BLA afferents make functional synaptic
contacts with other types of neurons in aGC, whole-cell recordings
were obtained from inhibitory neurons, which were identified on-
line by their firing pattern in response to steady-state current injec-
tions and by their nonpyramidal morphology under DIC optics. Post
hoc immunohistochemistry for specific GABAergic neuron markers
was used to determine whether the biocytin-filled inhibitory neu-
rons belonged to one or more subpopulations. Recorded neurons
belonged to two nonoverlapping populations of inhibitory neurons:
fast-spiking, parvalbumin-expressing neurons (FS-PV; Fig. 2C) and
regular-spiking, nonpyramidal, somatostatin-expressing neurons
(RSNP-SOM; Fig. 2E). LED activation of BLA afferents (5 ms at 0.3
mW/mm2) evoked EPSCs in both populations of inhibitory neu-
rons (Fig. 2D; FS-PV; Fig. 2F; RSNP-SOM). As with PYR, we verified
the monosynaptic nature of the BLA-EPSC by perfusing TTX to
block spiking, and assessing the recovery of responses evoked by light
stimuli delivered in the presence of 4-AP (Fig. 2D; FS-PV, n � 8; Fig.
2F; RSNP-SOM, n � 8). These evoked currents also represent direct
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Figure 1. Expression of ChR2-EYFP in BLA. A, Representative BLA section showing expression of ChR2-EYFP: Magenta represents ChR2-EYFP. Cyan represents Hoechst. Scale bar, 500 �m. B,
Enlargement of area indicated on left containing recorded neuron: Magenta represents ChR2-EYFP. Cyan represents Hoechst. Yellow represents biocytin. Scale bar, 40 �m. Inset, Firing pattern of
recorded neuron in response to a 300 pA, 800 ms depolarizing current step. C, Light-evoked action potentials from neuron shown in B. Stimulus intensity 0.3 mW/mm 2. D, Spiking fidelity of BLA
neurons in response to light stimuli from 5 to 20 Hz. E, Top, Representative BLA neuron firing tonically in response to 6 s ramp of increasing LED power. Bottom, Raster plot of spiking of BLA neuron
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glutamatergic input from BLA because they were fully eliminated by
bath application of APV and DNQX (Fig. 2D; FS-PV, n � 8; Fig. 2F;
RSNP-SOM, n � 8). These data demonstrate that BLA can effec-
tively recruit both feedforward excitatory and inhibitory circuits in
aGC.

Laminar specificity of BLA input
Analysis of the fluorescence intensity profile of ChR2-EYFP high-
lighted a distinct laminar distribution of BLA afferents in aGC.
The density of axonal fibers was greater in superficial layers com-
pared with deep layers (Fig. 3A). As this difference may underlie
layer-specific connectivity and possibly synaptic properties, we
grouped recorded neurons by type and laminar location to ascer-
tain possible differences (Fig. 3B–D). Because aGC lacks of a
visible layer IV, a fundamental landmark for laminar studies in
neocortex, we adopted a conservative approach to group our
neurons. Neurons were classified as belonging to supragranular
(sGC) or infragranular (iGC) layers depending on whether they
were superficial or deep relative to an ideal line extending from
the fading layer IV in the adjacent dysgranular GC. The latencies
of BLA-EPSCs in all neuron types in both layers were consistent
with monosynaptic input, indicating that BLA afferents make
direct synaptic contact with all three neuron types in both sGC
and iGC (Table 1). The proportion of PYR, FS-PV, and RSNP-

SOM neurons responding to photoactivation of BLA afferents
was significantly larger in sGC than iGC (Fig. 3E–G; Table 1;
percentage response; � 2 for contingency: PYR, p � 10�4; FS-PV,
p � 10�3; RSNP-SOM, p � 0.02). This difference in connectivity
is consistent with the density of BLA afferents in the superficial
and deep layers of aGC. The amplitude of BLA-EPSCs onto PYR
neurons was greater in sGC, but BLA-EPSCs onto FS-PV or
RSNP-SOM neurons did not differ significantly between super-
ficial and deep layers (Fig. 3E–G; Table 1; amplitude: PYR, p �
0.002; FS-PV, p � 0.9; RSNP-SOM, p � 0.4). Similarly, the
charge of BLA-EPSCs was larger for PYR neurons in sGC than
iGC, whereas no differences were observed for BLA-EPSCs onto
FS-PV or RSNP-SOM neurons across layers (Fig. 3E–G; Table 1;
charge: PYR, p � 10�4; FS-PV, p � 0.9; RSNP-SOM, p � 0.3).

These results indicate that, although BLA afferents synapse
onto excitatory and inhibitory neurons in both the superficial
and deep layers of aGC, this input shows laminar-specific con-
nectivity, and in the case of PYR neurons layer-specific synaptic
strength.

Short-term dynamics of BLA input
Activating BLA terminal fields in aGC with a single LED pulse
demonstrated that this input has laminar and target-specific
properties. We next investigated whether repetitive stimulation
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of BLA afferents would reveal differences in the short-term dy-
namics of BLA input across aGC laminae. To do this, we delivered
a train of 5 brief light pulses at 10 Hz and recorded BLA-EPSCs in
PYR, FS-PV, and RSNP-SOM neurons in sGC and iGC (Fig.
4A–C). We chose 10 Hz because in our experimental conditions
BLA neurons reliably fire action potentials in response to train of
light pulses at this frequency (Fig. 1C,D); in addition, it is a fre-
quency consistent with those observed from recordings of BLA
neurons in alert rats (Fontanini et al., 2009). Phasic, 10 Hz acti-
vation of BLA afferents resulted in a paired-pulse ratio (PPR;
EPSC2/EPSC1), as well as a steady-state ratio (SSR; EPSC5/
EPSC1) �1 in all groups, indicating that BLA synapses onto PYR,
FS-PV, and RSNP-SOM cells in both sGC and iGC show short-
term depression in response to repetitive BLA stimulation (Table
1). We then assessed possible laminar differences in BLA-evoked
short-term dynamics within each group of neurons. There were
no laminar-specific differences in PPR and SSR within each

group of neurons (Fig. 4D–F; Table 1; sGC vs iGC: PYR, PPR: p �
0.2; SSR: p � 0.4; FS-PV, PPR: p � 0.1; SSR: p � 0.7; RSNP-SOM,
PPR: p � 0.4; SSR: p � 0.3).

Together, these results show that the short-term plasticity of
BLA-EPSCs does not differ significantly by neuron group or lam-
inar location.

BLA evokes feedforward excitation and inhibition in GC
pyramidal neurons
PYR neurons are the primary output of cortical circuits to other
layers as well as other areas (Allen et al., 1991; Adachi et al., 2013).
Our data show that BLA inputs onto them show layer-specific
differences in connectivity and synaptic strength. We therefore
asked whether BLA stimulation may recruit feedforward excita-
tion and inhibition differently onto PYR neurons located in the
superficial and deep layers of aGC. To dissect the contribution of
feedforward excitation and inhibition to BLA-evoked responses,
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Table 1. BLA-EPSC response propertiesa

sGC iGC

PYR FS-PV RSNP-SOM PYR FS-PV RSNP-SOM

Response percentage 81 of 132, 61.4% 28 of 37, 75.7% 21 of 36, 58.3% 33 of 93, 35.5% 7 of 23, 30.4% 9 of 30, 30.0%
Amplitude (pA) 122 � 14.8, n � 82 63.4 � 15.2, n � 28 48.2 � 8.6, n � 21 46.3 � 17.7, n � 32 58.1 � 35.7, n � 6 85.2 � 43.8, n � 9
Charge (pC) 1.7 � 0.2, n � 81 0.5 � 0.1, n � 26 0.5 � 0.1, n � 20 0.4 � 0.05, n � 29 0.6 � 0.3, n � 4 1.1 � 0.6, n � 7
Latency (ms) 2.6 � 0.06, n � 82 2.7 � 0.1, n � 28 2.4 � 0.1, n � 21 2.9 � 0.1, n � 32 2.8 � 0.3, n � 6 2.7 � 0.2, n � 9
PPR (EPSC2/EPSC1) 0.86 � 0.03, n � 28 0.95 � 0.09, n � 15 0.99 � 0.1, n � 10 0.98 � 0.08, n � 16 0.52 � 0.1, n � 2 0.83 � 0.06, n � 6
SSR (EPSC5/EPSC1) 0.73 � 0.03, n � 27 0.88 � 0.07, n � 15 0.85 � 0.1, n � 9 0.69 � 0.04, n � 14 0.67 � 0.4, n � 2 0.73 � 0.07, n � 6
aAverage response percentage, amplitude, charge, PPR, and steady-state ratio of BLA-EPSCs onto PYR, FS-PV, and RSNP-SOM neurons in sGC and iGC. Data are mean � SE.
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we delivered single light pulses to activate BLA terminal fields
while holding recorded PYR neurons at the reversal potentials for
inhibitory or excitatory conductance (Fig. 5A). This approach
allowed us to isolate monosynaptic excitatory, and disynaptic
inhibitory evoked responses in each recorded neuron. Single
pulse activation of BLA afferents resulted in a short latency EPSC
(monosynaptic) and a longer-latency IPSC (disynaptic; Table 2;
Fig. 5A,B; latency: EPSC vs IPSC, sGC: p � 10�4, iGC: p �
10�4). The amplitude of both BLA-EPSCs and BLA-IPSCs onto
PYR neurons was largest in sGC (EPSC; Fig. 5C; Table 2; ampli-
tude: sGC vsiGC, p � 0.01; IPSC; Fig. 5D; Table 2; amplitude:
sGC vs iGC, p � 0.01). The differences in EPSC and IPSC ampli-
tude were consistent with differences in the charge of the events
(EPSC; Fig. 5C; Table 2; charge: sGC vs iGC, p � 0.03; IPSC; Fig.
5D; Table 2; charge: sGC vs iGC, p � 0.04). The ratio of BLA-
evoked excitatory and inhibitory charge flowing through PYR
neuron membranes was close to 1 and did not differ significantly
between layers (Fig. 5E; E/I ratio: sGC, 0.95 � 0.23, n � 20; iGC,
0.90 � 0.2, n � 10; p � 0.9).

These results indicate that BLA terminal field activation with
single stimuli evokes larger EPSC and IPSC in sGC compared
with iGC. However, BLA activation recruits balanced feedfor-
ward excitation and inhibition in PYR neurons located in both
sGC and iGC.

Tonic activation of BLA afferents in GC
Phasic pulses may recruit the aGC circuitry different from
tonic and continuous activation of BLA afferents. In the next
set of experiments, we investigated how tonic BLA activity
modulates spontaneous synaptic activity onto neurons in the
superficial and deep layers of aGC. To mimic continuous fir-

ing, we used a 6-s-long ramping light stimulus (see Materials
and Methods). We recorded BLA-evoked spontaneous post-
synaptic currents (sPSCs) from PYR, FS-PV, and RSNP-SOM
neurons in sGC (Fig. 6A,D,G) and iGC (Fig. 6B,E,H) before,
during, and after the ramping stimulus to examine how sustained
BLA activity affects circuit activity. In this set of experiments, we
used an internal solution that mimicked the chloride reversal
potential observed in intact animals (�91 mV; see Materials and
Methods) and maintained neurons in voltage clamp at �70 mV,
close to their resting membrane potential. This approach was
used to test whether tonic BLA activity could modulate sponta-
neous synaptic currents on GC neurons in conditions as close to
physiological as can be achieved in a slice preparation. There were
significant increases in amplitude and instantaneous frequency of
sPSCs onto PYR neurons in both layers of aGC during the ramp
(sGC; Fig. 6A,B; Table 3, n � 13, amplitude: baseline vs ramp,
p � 10�4; instantaneous frequency: baseline vs ramp, p � 10�4;
iGC; Fig. 6C,D; Table 3; n � 9, amplitude: baseline vs ramp, p �
0.01; instantaneous frequency: baseline vs ramp, p � 10�4). The
increase in total synaptic charge due to the ramp was significantly
greater in PYR neurons recorded in sGC than in iGC (Table 3;
Fig. 6M; percentage change from baseline, p � 0.04). Thus, tonic
BLA activity drives the circuit in sGC more intensely than in iGC.
This effect is consistent with the laminar differences in connec-
tion probability observed in aGC (Fig. 3).

We also looked at how tonic activation of BLA afferents affects
spontaneous synaptic activity in FS-PV and RSNP-SOM neurons
in sGC and iGC. In sGC, ramp activation of BLA terminals re-
sulted in a significant increase of sPSC instantaneous frequency,
but not amplitude onto FS-PV neurons, and a significant increase
of both instantaneous frequency and amplitude of sPSCs onto
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RSNP-SOM neurons (sGC; FS-PV: Table
3; Fig. 6E,F; amplitude: baseline vs ramp,
p � 0.5; instantaneous frequency: baseline
vs ramp, p � 10�4; RSNP-SOM: Table 3;
Fig. 6 I, J; amplitude: baseline vs ramp, p �
10�4; instantaneous frequency: baseline
vs ramp, p � 10�4). In iGC, ramp activa-
tion of BLA terminals resulted in a signif-
icant increase of both sPSC amplitude
and instantaneous frequency onto FS-PV
neurons, and a significant increase of
sPSC instantaneous frequency, but not
sPSC amplitude onto RSNP-SOM neu-
rons (iGC; FS-PV: Table 3; Fig. 6G,H; am-
plitude: baseline vs ramp, p � 10�2;
instantaneous frequency: baseline vs
ramp, p � 10�4; RSNP-SOM: Table 3;
Fig. 6K,L; amplitude: baseline vs ramp,
p � 0.7; instantaneous frequency: base-
line vs ramp, p � 10�4). Importantly, un-
like for PYR neurons, the change in total
charge evoked by the ramp onto FS-PV
and RSNP-SOM did not show laminar
differences (Fig. 6M; Table 3; percentage
Change from baseline, sGC vs iGC: FS-
PV, p � 0.6; RSNP-SOM: sGC vs iGC, p �
0.5). Together, these results suggest that
tonic activation of BLA afferents modu-
lates spontaneous activity in a layer-
specific fashion only in PYR neurons.

Tonic BLA activity engages feedforward
excitatory and inhibitory circuits
The data presented so far highlight that
BLA inputs onto PYR neurons show lam-
inar specificity for connectivity, ampli-
tude, and modulation of spontaneous
activity by tonic BLA activity. Differently,
BLA inputs onto FS-PV and RSNP-SOM
show laminar differences in connectivity, but not for the other
parameters we analyzed. We therefore focused on PYR neurons
and asked whether their location in sGC or iGC affects how
ramps modulate the spontaneous excitatory and inhibitory syn-
aptic input onto them.

To isolate excitatory and inhibitory currents from the same
recorded PYR neurons, we used the same internal solution as for
the experiments shown in Figure 5 (Fig. 7A: sGC; Fig. 7C: iGC).
The cumulative distributions of amplitude and frequency for
spontaneous inhibitory (sIPSC) and excitatory (sEPSC) currents
before and during the ramping stimulus were compared (Fig. 7B:
sGC; Fig. 7D: iGC). PYR neurons in sGC showed a significant
increase in amplitude and instantaneous frequency of sIPSCs
during sustained activation of BLA afferents (Fig. 7B; Table 4;
sGC, n � 14, sIPSC: amplitude: baseline vs ramp, p � 10�3;
instantaneous frequency: baseline vs ramp, p � 10�3). In addi-
tion, amplitude and instantaneous frequency of sEPSCs were sig-
nificantly elevated during the ramp (Fig. 7B; Table 4; sGC, n � 13,
sEPSC: amplitude: baseline vs ramp, p � 10�3; instantaneous
frequency: baseline vs ramp; p � 10�3). The increases in ampli-
tude and instantaneous frequency of sIPSCs and sEPSCs in sGC
during ramp activation of BLA afferents corresponded with a
significant increase in both ramp-evoked excitatory and inhibi-
tory charge (Fig. 7E; Table 4; sGC, n � 13, excitatory [EXC]:

baseline vs ramp, p � 0.01; inhibitory [INH] charge: baseline vs
ramp, p � 0.01). The ratio of excitatory and inhibitory charge was
�1 before and during the ramping stimulus (Fig. 7F; sGC, n �
13, E/I ratio: baseline, 0.75 � 0.06; ramp, 0.86 � 0.12; p � 0.4).
Thus, tonic activation of BLA afferents recruits excitatory and
inhibitory circuits in sGC. BLA ramping stimuli had a different
effect on aGC circuits from what we observed for single stimuli.
Instead of evoking balanced excitatory and inhibitory charge like
single BLA stimuli, tonic activation of BLA afferents led to an
overall increase in sGC synaptic activity but maintained the bias
toward inhibition that was observed before the delivery of the
ramping stimulus.

In iGC, ramp activation of BLA afferents increased both am-
plitude and frequency of sIPSCs, although it only increased the
frequency of sEPSCs (Fig. 7D; Table 4; iGC, sIPSC, n � 8, ampli-
tude: baseline vs ramp, p � 0.009; instantaneous frequency: base-
line vs ramp, p � 10�3; sEPSC, n � 9, amplitude: baseline vs
ramp, p � 0.2; instantaneous frequency: baseline vs ramp, p �
10�3). Similar to sGC, the increases in sIPSC amplitude and fre-
quency resulted in a significant increase in the total inhibitory
charge onto iGC PYRs. In addition, the increase in sEPSC instan-
taneous frequency alone was sufficient to significantly increase
the excitatory charge onto iGC PYRs (charge; Fig. 7E; Table 4;
iGC, n � 7, EXC: baseline vs ramp, p � 0.03; INH: baseline vs
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ramp, p � 0.04). As in sGC, ramp activation of BLA afferents in
iGC did not alter the ratio between excitatory and inhibitory
charge (Fig. 7F; iGC, n � 7, E/I ratio: baseline, 0.58 � 0.09; ramp,
0.76 � 0.22; p � 0.3), which remained �1 before and during the
ramping stimulus, suggesting that the circuit in iGC is dominated
by inhibition and remains so during sustained activation of BLA
afferents. Thus, tonic activation of BLA inputs recruits both ex-
citatory and inhibitory inputs onto PYR neurons in all layers of
aGC, but maintaining the bias toward inhibition of aGC sponta-
neous activity.

When changes in excitatory and inhibitory charge were com-
pared across layers, we found that tonic activation of BLA affer-
ents increased excitation and inhibition onto sGC-PYR neurons
significantly more than onto iGC-PYR neurons (Fig. 7G; Table 4;
percentage change from baseline, EXC: sGC vs iGC, p � 0.04;
INH: sGC vs iGC, p � 0.02). These results are likely explained by
the larger connectivity of BLA afferents onto neurons in sGC
compared with iGC. Despite larger changes in BLA ramp-evoked
excitation and inhibition in sGC, the E/I ratio did not differ sig-
nificantly between layers, indicating that, despite the differences
in connectivity, inhibition remains dominant in both sGC and
iGC during tonic activation of BLA afferents (Fig. 7F; E/I ratio:
sGC vs iGC, p � 0.7).

Tonic activation of BLA afferents engages recurrent circuits
in aGC
Ramp stimulation of terminal fields, in addition to evoking tonic
BLA neuron firing, was also shown to elicit asynchronous activa-
tion of cortical circuits as it can progressively engage intracortical
recurrent connectivity with increasing light intensity (Adesnik
and Scanziani, 2010). If recurrent circuits are recruited by the
ramp, one would expect that the changes in spontaneous synaptic
events observed in PYR neurons would outlast the duration of the
ramping stimulus. When examining the effect of tonic BLA acti-
vation on spontaneous activity onto PYR neurons after the end of
the ramp, we observed that, in both sGC and iGC, the increase in
synaptic charge remained significantly elevated relative to base-
line (charge: sGC-PYR; Fig. 6A; baseline vs after ramp, p � 0.01;
iGC-PYR; Fig. 6B; baseline vs after ramp, p � 0.01). Overall,
charge was affected more in sGC compared with iGC (Fig. 6C;
Table 3; PYR: percentage change from baseline, sGC vs iGC, p �
0.04). The maintenance of significant increases in spontaneous
synaptic charge after the end of the ramp supports the interpre-
tation that, in addition to directly activating inputs onto PYR
neurons, this regimen of BLA activity can drive recurrent circuits
in aGC.

We then asked whether the elevated activity after the ramping
stimulus relied on changes in excitation, inhibition, or both. In
sGC, sEPSC amplitude and frequency and sIPSC frequency re-
mained elevated, whereas sIPSC amplitude returned to baseline
(Fig. 7B; Table 4; sGC, sIPSC, n � 14, amplitude: baseline vs after
ramp, p � 0.8; instantaneous frequency: baseline vs after ramp,
p � 10�4; sEPSC, n � 13, amplitude: baseline vs after ramp, p �
0.04; instantaneous frequency: baseline vs after ramp, p � 10�4).
This resulted in a persistent increase in excitatory charge only

(Fig. 7E; Table 4; charge: sGC, n � 13, EXC: baseline vs after
ramp, p � 0.03; INH: baseline vs after ramp, p � 0.1).

In iGC, sEPSC frequency and sIPSC amplitude remained ele-
vated after the end of the ramp (Fig. 7D; Table 4; iGC, sIPSC, n �
8, amplitude: baseline vs after ramp, p � 0.01; instantaneous
frequency: baseline vs after ramp, p � 0.9; sEPSC, n � 9, ampli-
tude: baseline vs after ramp, p � 0.6; instantaneous frequency:
baseline vs after ramp, p � 10�4). Similar to sGC, only the excit-
atory charge remained significantly elevated after the ramp (Fig.
7E; Table 4; charge: iGC, n � 7, EXC: baseline vs after ramp, p �
0.01; INH: baseline vs after ramp, p � 0.08).

The post-ramp increase in excitatory charge in sGC was sig-
nificantly greater than in iGC (Fig. 7E; Table 4; charge, sGC vs
iGC, EXC: p � 0.1; INH: p � 0.7; percentage change from base-
line; Fig. 7G; Table 4; EXC: sGC vs iGC, p � 0.04; INH: sGC vs
iGC, p � 0.2). Together, these data suggest that tonic activation of
BLA afferents can engage recurrent circuits in both the superficial
and deep layers of aGC. However, the sGC excitatory circuit is
more strongly activated than the one in iGC.

Layer-specific recruitment of recurrent circuits by tonic
activation of BLA afferents in aGC
If ramp stimuli can recruit and excite recurrent circuits, it is
possible that this pattern of BLA activity may modulate sponta-
neous activity of aGC neurons that do not receive direct inputs
from BLA. To examine this possibility, we recorded PYR neurons
that did not show BLA-evoked EPSCs in response to single light
pulses, and quantified the excitatory and inhibitory charge onto
them before, during, and after BLA ramp stimulation.

In sGC, only 1 of 6 PYR neurons that did not receive mono-
synaptic BLA input showed any change in synaptic activity dur-
ing or after the ramp. Thus, in sGC, PYR neurons that do not
receive direct BLA input did not show significant changes in the
average excitatory and inhibitory charge either during or follow-
ing the ramp (Fig. 8E; sGC, n � 6, charge, normalized to baseline:
EXC, ramp: 1.08 � 0.06; after ramp: 1.11 � 0.07; baseline vs
ramp, p � 0.2; baseline vs after ramp, p � 0.2; INH, ramp: 1.06 �
0.08; after ramp: 1.19 � 0.18; baseline vs ramp, p � 0.4; baseline
vs after ramp, p � 0.3). Together with the results about the BLA-
sGC connection probability (Fig. 3) and the data shown in Figure
7, these data suggest that, in sGC, asynchronous recruitment of
BLA afferents with ramping stimuli modulates the activity of
circuits formed by a large percentage of excitatory and inhibitory
neurons driven by monosynaptic BLA inputs (Fig. 3E; Table 1).

Differently, in iGC, 50% of PYR neurons that did not receive
direct BLA input (Fig. 8C) showed a significant increase in both
excitatory and inhibitory charge during the ramp. This increase
persisted following the ramp (Fig. 8E; iGC, n � 10, charge, nor-
malized to baseline: EXC, ramp: 1.23 � 0.06; after ramp: 1.22 �
0.08; baseline vs ramp, p � 0.01; baseline vs after ramp, p � 0.04;
INH, ramp: 1.21 � 0.06; after ramp: 1.44 � 0.1; baseline vs ramp,
p � 0.01; baseline vs after ramp, p � 0.01). These data indicate
that, in the deep layers of aGC, BLA ramp stimuli engage recur-
rent circuits activated by a small percentage of neurons that re-

Table 2. BLA-evoked feedforward excitation and inhibitiona

sGC-PYR iGC-PYR

Latency (ms) Amplitude (pA) Charge (pC) Latency (ms) Amplitude (pA) Charge (pC)

BLA-EPSC 14.2.6 � 0.1, n � 20 237 � 59.6, n � 20 4.0 � 1.1, n � 20 2.8 � 0.1, n � 10 54.5 � 21.9, n � 10 2.0 � 0.9, n � 10
BLA-IPSC 6.7 � 0.3, n � 18 197 � 46.8, n � 20 5.6 � 1.4, n � 20 6.4 � 0.6, n � 10 58.9 � 17.9, n � 10 2.0 � 0.9, n � 10
aAverage latency amplitude, and charge, of BLA-EPSCs and BLA-IPSCs onto PYR neurons in sGC and iGC. Data are mean � SE.
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ceive monosynaptic BLA input (Fig. 3E; Table 1) but can also
polysynaptically recruit a significant proportion of the circuit.

Discussion
The experiments in this study provide a detailed analysis of the
connectivity and synaptic properties of the BLA projection to GC.
We show that BLA afferents directly target both excitatory and
inhibitory neurons and that BLA terminal field stimulation is
capable of driving feedforward excitation and feedforward inhi-
bition in aGC. Our data demonstrate that BLA projections con-
tact a larger percentage of neurons in the superficial than in the
deep layers of GC and have laminar-specific properties. Further-
more, we show laminar differences in the activation of the super-
ficial and deep layers of aGC under two different activity
regimens, using either single stimuli or tonic BLA terminal field
activation. Single stimuli of BLA inputs recruited balanced exci-
tation and inhibition in aGC pyramidal neurons, although the
amplitude of evoked excitatory and inhibitory synaptic responses

was largest in the superficial layers. Tonic activation of BLA af-
ferents modulated excitatory and inhibitory inputs onto PYR
neurons in both layers of aGC. This pattern of stimulation acti-
vated superficial layers more intensely than deep layers, a result
consistent with the laminar-specific differences in connectivity of
the BLA-GC projection. Interestingly, in both layers, inhibition
was dominant. Together, these results highlight the wide reper-
toire of mechanisms by which BLA projections can modulate GC
processing.

BLA activates excitatory and inhibitory neurons in aGC
It is well established that BLA projects to GC and contributes to
its processing of hedonic value and taste anticipation (Piette et al.,
2012, Samuelsen et al., 2012). However, the specific neuronal
targets and the synaptic dynamics of the BLA-GC connection are
not well understood. Amygdalocortical afferents are thought to
make monosynaptic connections with cortical pyramidal neu-
rons, although recent evidence suggests that they may also drive
feedforward inhibition (Stone et al., 2011; Dilgen et al., 2013).
Our study demonstrates that the BLA-GC pathway directly acti-
vates excitatory and inhibitory neurons. The monosynaptic na-
ture of the BLA-GC connection onto different neuron types is
demonstrated by experiments in which spiking activity was
blocked by TTX and BLA-EPSCs could still be evoked by increas-
ing the duration of light-induced terminal field depolarization
using the potassium channel blocker 4-AP. In addition, we show
that the BLA-GC-evoked responses we record are glutamatergic,
as AMPA and NMDA receptor blockers completely abolished the
monosynaptic current evoked in the presence of TTX and 4-AP.
These data, together with our analysis of the proportion of aGC
neurons directly activated by BLA afferents stimulation, support
the interpretation that excitatory and inhibitory neurons in aGC
receive a prominent input from BLA glutamatergic projection
neurons.

BLA afferents to aGC engage FS-PV and RSNP-SOM neurons
in all layers of GC. These two neuronal populations account for
the large majority of inhibitory neurons in cortical circuits
(Griffen and Maffei, 2014), suggesting that BLA inputs drive a
powerful and widespread activation of feedforward inhibition in
aGC. FS-PV inhibitory neurons primarily synapse onto the so-
matic and perisomatic region of cortical pyramidal neurons,

4

(Figure legend continued.) included in the vertical rectangle. D, CDFs of sPSC amplitude (left)
and sEPSC instantaneous frequency (right) in iGC PYR. Black represents baseline. Blue repre-
sents ramp. Dashed line indicates after ramp. E, Top, Sample trace of spontaneous currents
recorded from a FS-PV neuron in sGC (light yellow). Inset, Stretched portion of the trace included
in the vertical rectangle. F, CDFs of sPSC amplitude (left) and sEPSC instantaneous frequency
(right) in sGC FS-PV. Black represents baseline. Light yellow represents ramp. Dashed line indi-
cates after ramp. G, Sample trace of spontaneous currents recorded from a FS-PV neuron in iGC
(dark yellow). Inset, Stretched portion of the trace included in the vertical rectangle. H, CDFs of
sPSC amplitude (left) and sEPSC instantaneous frequency (right) in iGC FS-PV. Black represents
baseline. Dark yellow represents ramp. Dashed line indicates after ramp. I, Top, Sample trace of
spontaneous currents recorded from a RSNP-SOM neuron in sGC (pink). Inset, Stretched portion
of the trace included in the vertical rectangle. J, CDFs of sPSC amplitude (left) and sEPSC instan-
taneous frequency (right) in sGC RSNP-SOM. Black represents baseline. Pink represents ramp.
Dashed line indicates after ramp. K, Sample trace of spontaneous currents recorded from a
RSNP-SOM neuron in iGC (red). Inset, Stretched portion of the trace included in the vertical
rectangle. L, CDFs of sPSC amplitude (left) and sEPSC instantaneous frequency (right) in iGC
RSNP-SOM Black represents baseline. Red represents ramp. Dashed line indicates after ramp. M,
Left, Bar plot of percentage change from baseline of total synaptic charge onto PYR in sGC (gray)
and iGC (black). Middle, Bar plot of percentage change from baseline of total synaptic charge
onto FS-PV in sGC (light yellow) and iGC (dark yellow). Right, Bar plot of percentage change
from baseline of total synaptic charge onto RSNP-SOM in sGC (pink) and iGC (red). Left, Ramp.
Right, After stimulus. Data are mean � SE. *Significant difference (between after stimulus and
baseline). Colored asterisk represents significant difference between ramp and baseline.

Table 3. BLA ramp-evoked activity in sGC and iGCa

sGC iGC

Baseline Ramp After ramp Baseline Ramp After ramp

PYR
Amplitude (pA) 11.8 � 0.2 13.9 � 0.2 12.7 � 0.2 12.8 � 0.30 13.3 � 0.3 11.8 � 0.3

sGC (n � 15)
Instantaneous frequency (Hz) 27.5 � 0.8 42.0 � 0.9 37.3 � 0.9 15.7 � 0.6 33.8 � 1.0 24.1 � 0.9

iGC (n � 10)
% change (total charge) — 209.8 � 54.6 98.7 � 20.3 — 84.2 � 16.8 47.0 � 10.1

FS-PV
Amplitude (pA) 23.7 � 5.5 22.1 � 1.3 25.3 � 5.5 15.3 � 0.9 21.6 � 1.4 19.5 � 1.2

sGC (n � 2)
Instantaneous frequency (Hz) 26.7 � 2.0 43.1 � 2.4 33.0 � 2.0 37.5 � 2.5 58.2 � 2.7 46.4 � 2.7

iGC (n � 2)
% change (total charge) — 41.9 � 24.2 24.4 � 12.3 — 77.6 � 47.6 9.1 � 11.0

RSNP-SOM
Amplitude (pA) 11.8 � 0.3 13.5 � 0.4 12.1 � 0.3 17.1 � 0.5 17.6 � 0.6 17.2 � 0.6

sGC (n � 4)
Instantaneous frequency (Hz) 31.3 � 1.2 46.1 � 2.1 39.1 � 2.2 22.2 � 1.2 39.0 � 1.5 32.4 � 1.3

iGC (n � 5)
% change (total charge) — 133.4 � 79.2 39.7 � 19.8 — 68.0 � 9.8 48.4 � 29.1

aAverage total synaptic charge onto PYR, FS-PV, and RSNP-SOM neurons located in sGC and iGC before, during, and after asynchronous activation of BLA afferents. Data are mean � SE.
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whereas RSNP-SOM preferentially target distal dendritic arbors
(Griffen and Maffei, 2014). By driving both populations of inhib-
itory neurons, BLA inputs can influence somatic and dendritic
computations in aGC PYR neurons.

Our analysis of BLA-GC connectivity in superficial and deep
layers showed that BLA afferents activate a larger proportion of
PYR, FS-PV, and RSNP-SOM neurons in supragranular layers
relative to infragranular layers. These results are consistent with
the higher density of BLA afferents in the superficial layers of aGC

compared with deep layers. In addition, there was a significantly
higher amplitude of the light-evoked currents onto PYR neurons
in the superficial layers of aGC relative to deep layers. Differently,
the amplitude of the responses evoked onto FS-PV and RSNP-
SOM neurons was similar across layers. Analysis of the short-
term plasticity of BLA synapses activated by trains of light pulses
revealed that there are no significant differences in synaptic dy-
namics either between groups of neurons or across layers. Thus,
the laminar specificity of the BLA-GC inputs is primarily depen-

led rampbaseline post-stimulus

led rampbaseline post-stimulus

+10 mV

-45 mV

+10 mV

-45 mV

sGC

iGC

A B

C D

sEPSC Freq. (Hz)
%

 o
f s

E
P

S
C

s100

50

0
90450

sEPSC Freq. (Hz)

%
 o

f s
E

P
S

C
s100

50

0
806040200

sIPSC Freq. (Hz)

%
 o

f s
IP

S
C

s

100

50

0
806040200

sEPSC Amp. (pA)

%
 o

f s
E

P
S

C
s100

50

0
5040302010

sIPSC Freq. (Hz)

%
 o

f s
IP

S
C

s

100

50

0
50403020100

sIPSC Amp. (pA)

%
 o

f s
IP

S
C

s

100

50

0
15010050

sIPSC Amp. (pA)

%
 o

f s
IP

S
C

s

100

50

0
604020

sEPSC Amp. (pA)

%
 o

f s
E

P
S

C
s100

50

0
25155

300

150

0
EXC INH

%
 c

ha
ng

e

ramp
120

60

0
EXC INH

%
 c

ha
ng

e
post

100

50

0
EXC INHto

ta
l c

ha
rg

e 
(p

C
) sGC iGC

100

50

0
EXC INHto

ta
l c

ha
rg

e 
(p

C
)E G

1.5

0.5

0
ramp post

E
/I 

ra
tio

base

1.0

F
*
* *

*
*

* **
*

sGC

iGC

baseline led ramp post-stimulus

baseline led ramp post-stimulus

**
*

**
*

*
*

* *
*

baseline
led ramp

baseline
led ramp

sGC

iGC

sGC

iGCpost-stimulus post-stimulus

50 pA
2.5 s

50 pA
2.5 s

50 pA
2.5 s

50 pA
2.5 s

40 pA
100 ms

40 pA
100 ms

40 pA
100 ms

40 pA
100 ms

Figure 7. Tonic activation of BLA afferents activates both excitatory and inhibitory circuits in sGC and iGC. A, Top, Diagram of experimental design. Light gray represents baseline. Blue represents
ramp. Purple represents after ramp. Sample traces of sGC PYR neuron (gray) held at the reversal potential for excitation (top) and inhibition (bottom) during ramp activation of BLA afferents. Insets,
Stretched portion of the trace included in the vertical rectangle. B, Top, CDFs of sIPSC amplitude (left) and sIPSC instantaneous frequency (right) in sGC PYR. Bottom, CDFs of sEPSC amplitude (left)
and sEPSC instantaneous frequency (right) in sGC PYR. Light gray represents baseline. Blue represents ramp. Purple represents after ramp. C, Top, Diagram of experimental design. Black represents
baseline. Blue represents ramp. Purple represents after ramp. Bottom, Sample traces of iGC PYR neuron (black) held at the reversal potential for excitation (top) and inhibition (bottom) during ramp
activation of BLA afferents. Insets, Stretched portion of the trace included in the vertical rectangles. D, Top, CDFs of sIPSC amplitude (left) and IPSC instantaneous frequency (right) in iGC PYR. Bottom,
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represents ramp stimulus. Purple represents after ramp. F, E/I ratio of excitatory and inhibitory charge onto PYR in sGC (gray) and iGC (black). G, Bar plot of percentage change from baseline of EXC
and INH onto PYR in sGC (gray) and iGC (black). Left, Ramp. Right, After stimulus. Data are mean � SE. *Significant difference. Blue asterisk represents significant difference between ramp and
baseline. Purple asterisk represents significant difference between after stimulus and baseline.
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dent on differences in connection probability for all neuron
groups and layer-specific BLA-EPSC amplitude selectively onto
PYR neurons.

Distinct modes of BLA stimulation differentially recruit the
circuit in aGC
Amygdalar neurons can operate in different activity regimens.
Phasic activation of BLA neurons has been associated with the
detection of a stimulus and responses to anticipatory cues,
whereas tonic activity of BLA neurons is thought to be associated

with the valence of a stimulus (Fontanini et al., 2009; Parsana et
al., 2012; Samuelsen et al., 2012). In our experiments, we tested
how single pulse, multiple pulses, and tonic activation of BLA
inputs can recruit feedforward excitatory and inhibitory inputs
onto PYR neurons located in the superficial and deep layers of
aGC. Our data indicate that single pulse and tonic activation of
BLA terminal fields can engage aGC circuits quite differently.
Single pulses of light lead to monosynaptic EPSCs and disynaptic
IPSCs in PYR neurons. The absolute amplitude of both EPSCs
and IPSCs onto pyramidal neurons was larger in the superficial

Table 4. BLA ramp-evoked excitation and inhibition in sGC and iGCa

sGC-PYR iGC-PYR

Baseline Ramp After ramp Baseline Ramp After ramp

sEPSC
Amplitude (pA) 14.0 � 0.7 16.3 � 1.4 15.1 � 1.1 21.0 � 3.2 19.3 � 2.1 20.1 � 2.4
Instantaneous frequency (Hz) 21.1 � 2.9 40.8 � 4.6 36.7 � 4.8 21.0 � 2.9 34.6 � 4.3 28.5 � 2.4

sIPSC
Amplitude (pA) 22.7 � 2.2 46.1 � 8.3 24.4 � 2.2 25.8 � 2.0 29.0 � 3.3 27.9 � 3.1
Instantaneous frequency (Hz) 9.0 � 0.5 14.6 � 1.4 10.9 � 0.8 18.0 � 1.9 23.7 � 2.6 17.4 � 1.6

EXC charge
Total (pC) 19.9 � 2.3 60.2 � 14.3 39.5 � 8.8 20.3 � 2.5 33.8 � 5.1 25.1 � 3.2
% change — 167.0 � 39.3 78.6 � 23.6 — 67.3 � 21.7 23.3 � 5.3

INH charge
Total (pC) 29.5 � 4.1 75.9 � 15.6 47.7 � 11.5 41.3 � 8.7 57.7 � 10.5 53.4 � 11.8
% change — 151.1 � 37.8 52.6 � 16.0 — 46.0 � 19.4 28.2 � 7.1

aAverage amplitude and instantaneous frequency for sEPSCs and sIPSCs as well as total excitatory and inhibitory synaptic charge onto PYR neurons in sGC and iGC before, during, and after asynchronous activation of BLA afferents. Data are
mean � SE.
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than in the deep layers of aGC, consistent with our results show-
ing layer-specific connectivity and amplitude of BLA-evoked re-
sponses. The ratio of EPSC and IPSC charge for each PYR neuron
was similar in sGC and iGC and was close to 1. Thus, single BLA
stimuli evoked balanced excitation and inhibition in superficial
and deep layers of aGC. These results support the interpretation
that, although single BLA stimuli drive the superficial layers of
aGC more strongly, they activate similar circuit dynamics across
all layers of aGC.

Very different circuit dynamics were engaged by tonic activa-
tion of BLA afferents. In the superficial and deep layers of aGC,
tonic activation of BLA inputs increased the total excitatory and
inhibitory charge onto PYR neurons. As for single stimuli, tonic
activation of BLA recruited superficial layers more intensely than
deep layers. However, for both layers, the ratio of excitatory and
inhibitory charge was always �1, indicating that this regimen of
activation drives the circuit in aGC while maintaining the initial
bias toward inhibition. The changes in excitatory and inhibitory
activity in neurons directly activated by BLA lasted beyond the
end of the ramping stimulus, suggesting that tonic activation of
BLA afferents engages aGC recurrent circuitry.

The differences in how excitatory and inhibitory circuits are
recruited by single pulses and tonic activity did not depend on
neuron-specific or layer-specific short-term synaptic plasticity,
as shown by our analysis of BLA-EPSCs in response to trains of
light pulses. The lack of differences in short-term plasticity, to-
gether with the persistence of activity following the end of the
ramp, further supports the interpretation that tonic BLA activa-
tion recruits recurrent circuits in sGC and iGC.

Ramping stimuli are thought to engage afferent inputs as well
as recurrent cortical circuits (Adesnik and Scanziani, 2010). In
our experimental setting, we could test this by assessing whether
BLA stimulation could modulate the activity of PYR neurons that
do not receive direct BLA input. This approach allowed us to
further identify laminar differences between the superficial and
deep layers of aGC. In sGC, tonic BLA activation did not affect
excitatory and inhibitory inputs onto PYR neurons that were not
directly activated by BLA stimulation, suggesting that, in sGC,
neurons that receive direct input from BLA may be part of a
distinct functional circuit. It should be noted that BLA afferents
in sGC drive the majority of excitatory and inhibitory neurons
monosynaptically; thus, BLA inputs have a direct and widespread
effect on the circuit in sGC.

Differently, BLA afferents directly contact only a small propor-
tion of iGC neurons, yet tonic activation of BLA afferents increased
both excitatory and inhibitory charge even onto a fairly large popu-
lation of neurons that do not receive direct BLA inputs. These results
suggest that, whereas BLA connectivity in iGC is much less extensive
than in sGC, tonic BLA activity can recruit a significant portion of
the iGC circuit via polysysnaptic interactions.

Functional implications
Neurons in distinct layers of sensory cortices other than GC have
been shown to encode information differently (Petersen and
Crochet et al., 2013). The laminar processing of sensory stimuli
depends on many factors, such as differences in thalamic inputs,
local connectivity, specific properties of cortical neurons, release
of neuromodulators, and distribution of long range projections.
Our experimental results show significant laminar differences in
BLA-GC connectivity and synaptic properties, suggesting that
neurons in different layers of aGC may respond with laminar-
specific dynamics to inputs carrying information about anticipa-
tory cues or the hedonic value of a stimulus. Although evidence

for layer specificity of taste processing in GC of alert animals is
currently missing, future studies will need to address this issue,
specifically in relation to amygdalar inputs.

In addition, our data show that BLA activity regimens known
to be relevant for behavior can differentially engage excitatory
and inhibitory circuits. The balance between excitation and inhi-
bition within the circuit differs significantly in response to single
pulses and tonic activation. Single action potentials or phasic
bursts of activity from BLA, typically occurring in response to
anticipatory cues or onset of taste delivery (Fontanini et al., 2009;
Samuelsen et al., 2012), may result in strong and balanced inputs
to GC. These inputs might be responsible for driving GC neurons
to fire. On the contrary, tonic BLA activity, characteristic of per-
sistent responses to taste associated with palatability (Fontanini
et al., 2009; Piette et al., 2012), may lead to an increase of inhib-
itory tone in GC. These pattern-specific changes in E/I balance
suggest that inhibition plays an important role in modulating GC
processing of different variables associated with a gustatory
experience.
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