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Abstract

Neurons in the gustatory cortex (GC) process multiple aspects of a tasting experience, encoding not only the
physiochemical identity of tastes, but also their anticipation and hedonic value. Information pertaining to these
stimulus features is relayed to GC via the gustatory thalamus (VPMpc) and basolateral amygdala (BLA). It is
not known whether these inputs drive separate groups of neurons, thus activating separate channels of infor-
mation, or are integrated by neurons that receive both afferents. Here, we used anterograde labeling and in
vivo intracellular recordings in anesthetized rats to assess the potential convergence of BLA and VPMpc inputs
in GC, and to investigate the dynamics of integration of these inputs. We report substantial anatomic overlap
of BLA and VPMpc axonal fields across GC, and identify a population of GC neurons receiving converging
BLA and VPMpc inputs. Our data show that BLA modulates the gain of VPMpc-evoked responses in a time-
dependent fashion and that this modulation is dependent on the recruitment of synaptic inhibition by both
BLA and VPMpc. Our results suggest that BLA shapes cortical processing of thalamic inputs by dynamically
gating the excitatory/inhibitory balance of the GC circuit.
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Significance Statement

The gustatory cortex (GC) is ideal for studying sensory and limbic signals to primary sensory cortices. GC
encodes the chemosensory and affective components of taste by integrating inputs from thalamus and ba-
solateral amygdala (BLA). Classic studies postulated a separation of sensory and limbic channels. However,
reports of GC neurons encoding taste, palatability, and expectation in their dynamic firing modulations chal-
lenge this view. Here, we show the synaptic basis of the convergence and integration of thalamic and amyg-
dalar inputs onto single GC neurons. Our data reveal a population of GC neurons receiving monosynaptic
drive from both regions and show that amygdalar inputs can gate the processing of thalamic signals.
Altogether, our data demonstrate that GC integrates, rather than segregates, these channels.

Introduction
Sensory perception depends on the integration of sen-

sory and affective features of stimuli, yet how these proper-
ties are encoded and processed by cortical neurons is
not well understood. The primary gustatory cortex (GC)
provides a unique model for investigating this question, as
GC neurons in alert animals multiplex sensory, affective,
and associative signals (Maffei et al., 2012; Vincis and
Fontanini, 2016b). Indeed, GC neurons encode information

about the physiochemical identity and hedonic value of
tastants, along with anticipatory activity, in the temporal
dynamics of their spiking responses (Yamamoto et al.,
1981, 1984a,b; Katz et al., 2001; Pritchard and Norgren,
2004; Spector and Travers, 2005; Fontanini and Katz,
2006; Yokota et al., 2007; Grossman et al., 2008; Piette et
al., 2012; Sadacca et al., 2012, 2016; Samuelsen et al.,
2012, 2013; Jezzini et al., 2013; Maier and Katz, 2013;
Gardner and Fontanini, 2014; Moran and Katz, 2014;
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Vincis and Fontanini, 2016a). Experimental evidence indi-
cates that chemosensory information is relayed to GC pri-
marily via thalamocortical afferents from the parvicellular
division of the ventroposteromedial nucleus (VPMpc;
Saper, 1982; Kosar et al., 1986; Pritchard et al., 1989; Allen
et al., 1991; Nakashima et al., 2000; Verhagen et al., 2003;
Samuelsen et al., 2013; Liu and Fontanini, 2015), while af-
fective dimensions, including palatability and expectations
about incoming stimuli, depend on a limbic contribution
from the basolateral amygdala (BLA; Saper, 1982;
Yamamoto et al., 1984a; Allen et al., 1991; Grossman et al.,
2008; Fontanini et al., 2009; Piette et al., 2012; Samuelsen
et al., 2012).
The existing literature does not provide clear evidence

about how thalamic and limbic channels of information are
jointly processed by GC. Per one model, they could inde-
pendently reach different GC neurons and either be proc-
essed independently, or be integrated multi-synaptically by
intracortical circuits (Shi and Cassell, 1998; Sewards and
Sewards, 2001). Another possibility is that both inputs
could converge onto a group of GC neurons via direct
monosynaptic projections and be integrated in the tempo-
ral dynamics of the response arising from the activation of
both inputs. A third model could depend on a hybrid orga-
nization in which limbic and thalamic inputs are integrated
directly by a group of neurons receiving converging input
and indirectly via intracortical connectivity.
Tracing studies report that VPMpc projections primarily

terminate in the granular and dysgranular subdivision of
GC while BLA projections are mostly observed in the dys-
granular and agranular subdivisions (Allen et al., 1991;
Nakashima et al., 2000). These data were interpreted as
evidence for the segregation of the limbic and thalamic
channels of information to GC. However, a detailed ana-
tomic and functional analysis of VPMpc and BLA terminal
fields in the same GC preparation has not been per-
formed. Recordings in behaving rodents have shown that
the same GC neuron can encode taste quality, expecta-
tion, and palatability. This work has been interpreted as
evidence for the integration of information onto GC neu-
rons, although the results remain agnostic regarding
whether the convergence of information depends on in-
tracortical interactions or direct projections onto a subset
of GC neurons (Fontanini and Katz, 2006; Samuelsen et
al., 2012; Gardner and Fontanini, 2014).
Here, using double anterograde tracing, confocal mi-

croscopy and intracellular recordings in anesthetized rats,
we show that there is significant overlap of VPMpc and

BLA axonal fields in GC. The evidence for anatomic over-
lap of VPMpc and BLA inputs is confirmed and expanded
by analysis of evoked responses recorded intracellularly
in anesthetized rats, revealing a channel of convergence
for thalamic and limbic afferents in GC. Finally, in view of
inactivation studies demonstrating that silencing VPMpc
completely abolishes GC taste responses, while inactiva-
tion of BLA modulates taste responses but does not abol-
ish them (Samuelsen et al., 2013), we chose to assess a
potential modulatory role of BLA inputs on VPMpc re-
sponses. We show that GC neurons’ responsiveness to
VPMpc stimulation can indeed be modulated by BLA
stimulation in a time-dependent manner. Two groups of
neurons were identified based on the sign (facilitation or
suppression) of modulation of VPMpc responses by BLA
bursts. These groups differed significantly in the ampli-
tude of the polysynaptic inhibitory (hyperpolarizing) com-
ponent evoked by single BLA and VPMpc stimuli,
revealing that the BLA modulation of the gain of VPMpc
inputs depends both on the relative timing of the two stim-
uli and on their ability to recruit inhibitory circuits in GC.
To our knowledge, this study is the first report on the

convergence of thalamic and amygdalar inputs onto GC
neurons and their dynamics of integration. These results
provide a circuit model for how, in a primary sensory area,
the coding of sensory stimuli becomes enriched with in-
formation about their affective dimensions.

Materials and Methods
Subjects
Female Long Evans rats (275–330 g; n=22) were pur-

chased from Charles River, housed individually in a vivar-
ium, and maintained on a 12/12 h light/dark cycle with ad
libitum access to standard chow and water. Female rats
accumulate less body fat than age matched males, facili-
tating the achievement and maintenance of stable surgi-
cal anesthesia throughout the experimental procedures.
All study methods were performed following state, federal
and university regulations, and were approved by the
Institutional Animal Care and Use Committee.

Fluorescent anterograde labeling and image analysis
Subjects (n=3) were surgically prepared for virus injec-

tion for anterograde labeling as follows: Anesthesia was
induced with an intraperitoneal injection of ketamine/xyla-
zine/acepromazine cocktail (KXA; 100, 5.2, and 1mg/kg,
respectively). Anesthesia depth was monitored via the
hind limb withdrawal reflex and respiratory rate. Supple-
mental doses of KXA, 30% of induction dose, were ad-
ministered as necessary to maintain a surgical plane of
anesthesia. 376 1°C body temperature was maintained
with a heating pad connected to a rectal thermometer
(FHC Inc). Rats were mounted on a stereotaxic apparatus
(Narishige), bupivacaine was applied to pressure points
and incision sites, and the scalp was incised. Bregma and
l were leveled, burr holes were drilled, and the dura over-
lying the gustatory thalamus (VPMpc) and BLA was
opened. The following stereotaxic coordinates from breg-
ma were used to target the injections: VPMpc, �3.6 mm
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posterior, �1.0 mm lateral, and �6.5 mm ventral from the
pia; BLA, �3.0 mm posterior, �5.0 mm lateral, and �7.2
mm ventral from the pia (Paxinos and Watson, 2007). The
exposed cortex was covered in 0.9% saline to prevent
drying.
Rats were injected with a construct of the vector

adeno-associated virus serotype 9 (AAV9) and the gene
expressing either green fluorescent protein (GFP; AAV9.
hSyn.eGFP.WPRE.bGH, UPENN vector core) or red fluo-
rescent protein (RFP; AAV9.hSyn.TurboRFP.WPRE.rBG,
UPENN vector core) into bilateral VPMpc and BLA, with
the GFP and RFP injection location counterbalanced with-
in the group. The AAV9 subtype was chosen for its pre-
ferred anterograde transport (Aschauer et al., 2013).
AAV9 is transported anterogradely, as assessed in our
previous studies in which the same viral construct was
used (Wang et al., 2013, 2019; Kloc and Maffei, 2014;
Haley et al., 2016). This property was further confirmed by
the lack of retrogradely labeled somata in GC in all prepa-
rations used for this study. AAV9 constructs were pres-
sure-injected with a Hamilton syringe at an approximate
rate of 50ml every 20 s. Total injection volumes of 300 nl in
VPMpc and 500 nl in BLA were delivered (50 � 1012 viral
particles/nl). This procedure resulted in the expression of
GFP or RFP localized to the injection site after a 14- to
21-d incubation period. Following incubation, rats were
deeply anesthetized with KXA and transcardially perfused
with 0.9% saline followed by cold 4% paraformaldehyde
in PBS. Brains were dissected, postfixed in 4% parafor-
maldehyde overnight, and then stored in 30% sucrose so-
lution in 0.1 M PB for cryoprotection; 100-mm coronal
sections were prepared with a cryostat and collected in
0.1 M PBS. Sections for confirming BLA and VPMpc in-
jection sites were incubated on a shaker for 30min in a
1:5000 solution of Hoechst (Life Technologies) in 0.1%
Triton X-100. Sections were rinsed twice with 0.1 M PBS
for 10min and twice again with 0.1 M PB for 10min before
being mounted (Fluoromount G; Southern Biotechnology)
and coverslipped. Confocal images of VPMpc and BLA in-
jection sites were taken with 15–20� objectives using an
Olympus FV-1000 with IX-81 inverted microscope con-
trolled by FV10-ASW software (Olympus Imaging America
Inc.). Sections for GC imaging were incubated on a shaker
for 60min 0.1% Triton X-100 in PBS (Life Technologies)
followed by a 30min incubation in a 1:200 solution of blue
fluorescent Nissl (Life Technologies) in 0.1 M PBS.
Sections were rinsed twice with 0.1 M PBS for 10min and
twice again with 0.1 M PB for 10min before being
mounted (Fluoromount G; Southern Biotechnology), and
coverslipped. Confocal images of VPMpc and BLA axonal
fields in GC were taken under 20–60�magnification.
Confocal images were viewed and analyzed using

ImageJ software (National Institutes of Health). The inten-
sity of the GFP and RFP signal was used to quantify the
density of the BLA and VPMpc projections in regions of
interest (ROIs) outlined in GC. Two linear ROIs were
drawn orthogonal to the GC subdivisions extending 2 mm
from piriform cortex (Pir.) toward somatosensory cortex
(Som.). One ROI was positioned in the superficial layers
(border between layers 2/3 and 4, ROI A) and one ROI

was positioned in the deep layers (layers 5/6; ROI B). For
the ROI analysis, thee 100-mm GC slices were used from
each of the three rats for a total of nine slices. ROIs
(n=18) were drawn in the same hemisphere across the
three slices for each rat to facilitate comparison. RFP and
GFP fluorescence intensity was measured along each
ROI in each slice and normalized to the maximum signal.
The normalized data were pooled across rats, averaged in
50-mm bins, and the mean 6 SD was plotted against dor-
soventral (DV) distance through the subdivisions.

In vivo intracellular recording
Rats (n=19) were anesthetized with an intraperitoneal

injection of 40mg/kg pentobarbital and 0.6 g/kg urethane
(Yokota et al., 2007; Stone et al., 2011). Anesthesia depth
was monitored via the hind limb withdrawal reflex, respi-
ratory rate, and EEG. Supplemental doses of urethane,
20–30% of the induction dose, were administered as
necessary for maintenance of a surgical plane of anesthe-
sia. Recordings were performed several hours after induc-
tion and we expect the initial dose of pentobarbital had
worn off by that time. Bupivacaine was applied to all inci-
sions and pressure points. Rats were tracheotomized to
facilitate breathing, and 376 1°C body temperature was
maintained with a heating pad connected to a rectal ther-
mometer (FHC Inc). Following these procedures, rats
were mounted on a stereotaxic apparatus (Narishige) and
the scalp was incised. Bregma and l were leveled, burr
holes were drilled dorsally above the gustatory portion of
the insular cortex (GC), gustatory thalamus (VPMpc), and,
in a subset of n=10/19 rats, BLA. A dorsal approach was
adopted, relying on the following coordinates from breg-
ma as per the stereotaxic atlas: GC, 11.5 mm anterior
and �5.0 mm lateral; VPMpc, �3.6 mm posterior and
�1.0 mm lateral; BLA, �3.0 mm posterior and �5.0 mm
lateral (Paxinos and Watson, 2007). The dura was re-
moved for each craniotomy and the exposed cortex was
covered in mineral oil to prevent drying. Two additional
small burr holes were drilled over parietal cortex and cere-
bellum, and stainless-steel set screws were inserted to fa-
cilitate EEG recording of anesthesia depth. A tungsten
bipolar stimulating electrode (0.1 mV, 250-mm tip separa-
tion; MicroProbes for Life Science) was lowered into
VPMpc (final DV coordinate determined as described
below). In a subset of n=10/19 rats, a concentric bipolar
stimulating electrode (MicroProbes for Life Science) was
lowered into BLA, 7.2 mm ventral from the pia.
For each preparation included in the analysis, the posi-

tion of the stimulating electrode in VPMpc was estab-
lished by mapping thalamic responses to a taste stimulus
in each animal. The final DV depth of the VPMpc stimulat-
ing electrode from the pial surface was guided by single-
unit and multi-unit activity evoked by the application of
cold 0.3 M NaCl solution to the oral cavity. This taste solu-
tion was chosen because it has been shown to be the
strongest stimulus for evoking VPMpc activity (Verhagen
et al., 2003). NaCl solution and a distilled water rinse were
pressure-injected directly into the mouth via polyimide
tubing connected to solenoid valves controlled by a com-
puter via a valve driver (model CDET-PH-08, Optimal
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Engineering Systems). A pilot study using methylene blue
showed that our taste delivery system bathes the entire
oral cavity with taste solution, including the anterior and
posterior tongue, palate, and epiglottis (data not shown).
Once single-unit or multi-unit spiking was detected
(model 1800 AC amplifier, AM Systems), 10 s of back-
ground activity was collected. Then, cold 0.3 M NaCl so-
lution was delivered for 3 s. Ten seconds after the offset
of NaCl, a 3-s-long dH2O rinse was delivered. Changes in
single-unit or multi-unit firing in response to NaCl were
observed online and recorded for offline analysis. The
electrode was lowered to the depth of the strongest
evoked response (DV range:�6.0 to�6.8 mm).
Intracellular recordings with sharp electrodes were ob-

tained as described previously (Fontanini et al., 2003;
Stone et al., 2011). Current clamp recordings were per-
formed in bridge-balance mode using an Axon Multiclamp
700b amplifier (Axon Instruments). Borosilicate capillaries
(OD 1.0 mm) were pulled with a Flaming-Brown puller (P97;
Sutter Instruments) and filled with 3 M potassium acetate
solution containing 2% biocytin (Anaspec) for post hoc
identification of neurons. In situ impedances ranging 35–
85 MX were measured. Hyperpolarizing current steps
(�500pA, 500ms, 0.5Hz) were passed through the elec-
trode while it was slowly lowered ventrally into GC with a
hydraulic micromanipulator (Narishige). Sharp electrodes
penetrated the cortex in a search area of 1.56 0.5 mm an-
tero-posterior (AP) and 5.06 0.5 mm medio-lateral (ML)
from bregma within the craniotomy. The depth of the elec-
trode from the cortical surface was monitored continu-
ously. GC cells in this study were recorded from a DV
depth range of �4 to �5.6 mm, consistent with the DV
extent of the taste-responsive region of insular cortex
(Yamamoto et al., 1984b). Only recordings from GC neu-
rons showing action potentials of at least 50mV and rest-
ing potentials at �60mV or lower were used for data
analysis. Stable recordings typically lasted.60min in our
preparation.
Current clamp intracellular recordings were acquired at

20 kHz with a Digidata 1440A board (Axon Instruments)
connected to a computer running Clampex 10 acquisition
software (Axon Instruments). Data collection began once
the cell had stabilized, typically within 5min after impale-
ment. Hyperpolarizing current (0.5–2nA) was injected to
stabilize the membrane potential of the cell and this cur-
rent was discontinued once the membrane reached a sta-
ble state.
Baseline activity was recorded for 1min. The neuron’s

firing frequency was calculated as the number of sponta-
neous action potentials occurring during the baseline
trace. Membrane resting potential was calculated from
the downstate of the baseline trace, with spontaneous
postsynaptic potentials (PSPs) and action potentials ex-
cluded. Following baseline recording, steps of DC current
(range: �1000 to 1500pA, 1.5 s, 0.2Hz) were injected.
The input resistance of the cell was calculated from the
linear portion of the membrane potential response to hy-
perpolarizing current steps. Firing rates to depolarizing
current steps were plotted as a frequency to current (f/I)
curve. Only cells with firing properties consistent with

regular spiking pyramidal cells were included in the analy-
sis. All recorded potentials were corrected offline for the
liquid junction potential.
GC neurons were tested for responsiveness to electri-

cal VPMpc stimulation and, in rats which had stimulating
electrodes in BLA, BLA stimulation. Stimuli were 0.1-ms
biphasic pulses delivered to the bipolar, in the case
of VPMpc, and concentric, in the case of BLA, stimulating
electrodes via two stimulus isolation units (World Preci-
sion Instruments) controlled by a Master-8 (A.M.P.I.).
Stimulation intensity was adjusted for all cells to evoke
the largest subthreshold PSP (intensity range: 0.1–2.25mA,
VPMpc, n=26 cells; 0.2–2.5mA, BLA, n=13 cells).

Analysis of electrophysiological data
Data included in the analysis of convergent connectivity

were obtained from 30 neurons showing responsiveness
to both BLA and VPMpc. Of these neurons, 26 putative
pyramidal neurons in GC of 19 rats were sufficiently long
to run the tests of connectivity as well as the tests to as-
sess the modulation of VPMpc responses by BLA.
Subpopulations of cells, as specified in Results, were
tested with different protocols, due to the constraints of
limited recording time per impalement. PSP onset latency
was measured as the time from stimulus onset to evoked
PSP onset. PSP peak amplitude was measured as the
greatest membrane potential deflection from PSP onset.
PSP time-to-peak was measured as the time from stimu-
lus onset to peak PSP amplitude. Rarely, we recorded
neurons with either all-or-none spiking responses that
collided with preceding action potentials and/or very
short (,2ms) response latencies to VPMpc stimulation
consistent with possible antidromic activation. These re-
cordings were terminated, and any data already collected
was not analyzed.
The voltage dependency of the early and late synaptic

components of the evoked VPMpc-PSP was investigated
by using a fixed stimulation intensity that evoked the
largest subthreshold PSP (as described above) and ma-
nipulating the holding potential of the cell with current in-
jections (n=10 cells tested). Five to eight sweeps at each
holding potential were averaged and the PSP amplitudes
for the average traces were measured early (3–5ms post-
PSP onset) and late (35ms post-PSP onset) in the evoked
response (Moore and Nelson, 1998; Stone et al., 2011).
Amplitude values were normalized for each cell and the
normalized values were plotted against the holding poten-
tial. The reversal potentials of the components of the PSP
were determined by following the linear regression to the
x-intercept.
A subset of cells was tested for responses to both BLA

and VPMpc stimulation and data are presented for a total
of 13 GC neurons responding to both inputs with monosy-
naptic delays. In one group that responded with PSPs to
both BLA and VPMpc stimuli (n=5), a single BLA stimulus
(sBLA) was followed at varying latencies by a single
VPMpc stimulus (sBLA1sVPMpc). Latencies ranged from
0 to 200ms. For each interstimulus latency, five trials
were recorded. The peak amplitude of the evoked PSP to
sBLA1sVPMpc was measured as the largest membrane
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potential deflection following PSP onset. The amplitude
was then normalized to that of the evoked PSP to VPMpc
stimulation recorded at baseline (sVPMpc). For the pur-
poses of analysis, the latency between the BLA stimulus
and VPMpc stimulus was corrected by the difference
between the onset latencies of the two PSPs recorded in-
dependently before the pairing (Fig. 5D, effective intersti-
mulus latency).
Another group of neurons (n=8) was tested with the fol-

lowing stimulation protocol. A single VPMpc stimulus
(sVPMpc) was followed 500–2000ms later by a 500-ms
burst of BLA stimulation at 20Hz (bBLA) paired with a
second VPMpc stimulus (bBLA1sVPMpc). The second
VPMpc stimulus was delivered 50, 250, or 500ms post-
BLA burst. For each post-burst latency, 16 trials were
recorded, peak PSP amplitudes were measured, and
mean 6 SEM was calculated. The 20-Hz frequency for
the BLA train was chosen to mimic the typical response
pattern of BLA neurons in response to auditory cues pre-
dicting the availability of tastes in extracellular recordings
of awake, behaving rats (Samuelsen et al., 2012). The am-
plitude of the PSP evoked by the VPMpc stimulus follow-
ing bBLA1sVPMpc pairing was measured as the greatest
membrane potential deflection following PSP onset and
normalized to the amplitude of the PSP evoked by VPMpc
stimulation alone. bBLA1sVPMpc-PSP amplitude was
also compared with the sVPMpc-PSP amplitude evoked
at comparable holding membrane potential to verify that
the effect of the bBLA1sVPMpc pairing on VPMpc-PSPs
did not depend solely on a shift in membrane potential.
The coefficient of variation was calculated as the mean di-
vided by standard deviation of the peak PSP amplitudes
to both VPMpc stimuli for each cell tested. Onset latency
was measured as the time from stimulus onset to the
evoked PSP onset. Time-to-peak was measured as the
time from stimulus onset to peak PSP amplitude, and
the time from PSP onset to peak PSP amplitude, as speci-
fied in Results. Both onset latency and time-to-peak were
measured in each of 16 trials and then averaged for each
condition and cell. Rise time and slope of the evoked
VPMpc-PSP were measured from 10–90% peak ampli-
tude using the average of 16 traces for each condition in
each cell.

Sharp electrode recording depth analysis
Throughout each penetration of the sharp electrode,

and at the time of each recording of an impaled cell, the
depth of the electrode’s tip from the pia was monitored.
Because of the low yield of recovery of biocytin-stained
cells from which complete datasets were collected, this
depth measurement was our best proxy for neurons’ loca-
tions in GC. The neurons contributing to the data in this
study (n=26) were pooled with those from a previous
study on GC responses to electrical stimulation of BLA
(n=27; Stone et al., 2011) and with cells that were tested
for responsiveness but were not included in either dataset
due to either poor recording quality or losing the recording
before a useable dataset could be collected (n=50). This
pooling yielded a sample within which 42 cells were re-
sponsive to VPMpc stimulation and 61 cells were

responsive to BLA stimulation. Of these neurons, 30 were
responsive to both stimuli. Recording depths were com-
pared across these three groups with frequency histo-
grams. The VPMpc-responding and BLA-responding
populations were compared by plotting the normalized
cumulative sum of their frequency distributions and statis-
tical significance was assessed with the Kolmogorov–
Smirnov (KS) test.

Histology
Recorded GC neurons were filled with biocytin with de-

polarizing current pulses (500–1000pA, 300ms, 1.5Hz;
10–30min in duration) whenever the recording length al-
lowed and before abruptly pulling the sharp electrode out
of the cell. At the end of the recording session, rats were
deeply anesthetized with pentobarbital. For post hoc
identification of the tips of the stimulating electrodes in
VPMpc and BLA, tissue was lesioned by applying DC cur-
rent (0.2mA, 20 s). Rats were perfused transcardially with
0.9% saline followed by cold 4% paraformaldehyde in
PBS. Brains were dissected and postfixed in cold 4%
paraformaldehyde for 2 h before being moved to 30% su-
crose solution in 0.1 M PB for cryoprotection. Coronal
sections were sliced on a cryostat. VPMpc and BLA le-
sions were visualized in 60-mm sections stained with cre-
syl violet according to standard techniques. To identify
biocytin-filled GC pyramidal cells, 100-mm sections of GC
were stained with DAB and counterstained with cresyl
violet according to standard techniques.

Results
Anatomical overlap of thalamocortical and
amygdalocortical axon terminals in GC
The inputs from BLA and VPMpc to GC play a funda-

mental role in cortical taste processing. To begin to under-
stand how VPMpc and BLA sculpt GC activity we used
anterograde labeling of BLA and VPMpc projections and
analyzed the distribution of their axonal fields in GC. AAV9
viral vectors expressing either GFP or RFP were bilaterally
injected into VPMpc and BLA in a group of rats, with
the fluorescent tag counterbalanced between subjects.
Following two to three weeks of incubation, animals were
transcardially perfused to harvest the brain; 100-mm slices
were prepared, processed and imaged to determine the
extent of the projections and quantify the overlap between
inputs in GC. Representative slices showing injection sites
for VPMpc (green soma) and BLA (red soma) and counter-
stained with Hoechst (blue nuclei) are shown in Figure 1A,
B, respectively. Both BLA (Fig. 1C, red) and VPMpc (Fig.
1C, green) neurons sent direct axonal projections to GC.
Slices for GC analysis were counterstained with fluores-
cent Nissl (blue soma) to better visualize layers and divi-
sions (Fig. 1C,E). Afferents from VPMpc were mostly
distributed in the granular and dysgranular subdivisions of
GC, while axons from BLA were primarily distributed in the
dysgranular and agranular subdivisions. To compare the
DV distribution of both projections, we took advantage of
the fluorescent tags marking the axonal fields. Using
ImageJ, two linear ROIs were drawn orthogonally through
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the subdivisions of GC (Fig. 1C, Pir. lines). Each ROI ex-
tended 2000mm from piriform cortex towards the somato-
sensory cortex (Som.), one across the superficial (ROI A)
and one across the deep (ROI B) cortical layers.
Fluorescence intensity was measured along each ROI
from the border of Som. (0mm on the y-axis; Fig. 1D)
through granular, dysgranular and agranular GC, ending at
the border of Pir. (2000mm on the y-axis; Fig. 1D).
Intensities were normalized to the maximum value meas-
ured for each input in each ROI in each slice, averaged in
50-mm bins, and the average 6 SEM was plotted against
distance for each bin (Fig. 1D). As shown in Figure 1D,
VPMpc axons tend to be distributed more dorsally (toward
Som.) and BLA axons appear more ventrally (toward Pir.),

consistent with previous anatomic reports (Saper, 1982).
VPMpc and BLA axonal fields showed the highest degree
of overlap in the dysgranular subdivision of GC, although
terminal fields from both inputs could be found in all subdi-
visions of GC (Fig. 1E). These data suggest that a group of
neurons in GC may be GC neurons responding to both
inputs.

In vivo intracellular recordings fromGC of urethane-
anesthetized rats
Informed by the analysis of the dual anterograde tracing

data, we asked whether BLA and VPMpc projections con-
tact separate groups of GC neurons or whether there may

Figure 1. Overlap of thalamocortical and amygdalocortical axonal fields in GC. A, Representative injection site of AAV9-GFP in
VPMpc. Coronal section imaged at 20� magnification showing GFP-filled neurons (green) and Hoechst counterstain (blue). B,
Representative injection site of AAV9-RFP in BLA. Coronal section at 15� magnification showing RFP-filled neurons (red) and
Hoechst counterstain (blue). C, Coronal section of GC at 40� magnification showing GFP-labeled axons from VPMpc (green; bot-
tom left), RFP-labeled axons from BLA (red; top right), counterstain with fluorescent Nissl (cyan; top left), and merge (bottom right).
White lines indicate 2-mm linear ROIs used to measure fluorescence intensity dorsoventrally through GC from somatosensory to
Pir.; ROI A sampled superficial GC layers (2/3 and 4) while ROI B sampled deep layers (5 and 6). gGC, granular GC; dGC, dysgranular
GC; aGC, agranular GC. D, Mean 6 SD normalized fluorescence intensity versus DV depth measured in two ROIs, the superficial (ROI
A) and deep (ROI B) cortical layers (n=9; 3 slices from each of three rats). While VPMpc fluorescence (green) intensity was greater in
the dorsal subdivisions (granular/dysgranular) and BLA fluorescence intensity (red) was greater in the ventral subdivisions (dysgranu-
lar/agranular), there was area of overlap between the two inputs. y-axis: DV distance (mm); x-axis: normalized fluorescence intensity. E,
60� magnification of a ROI in dysgranular GC from the slice shown in panel C. Labeled fibers from VPMpc (green; bottom left), BLA
(red; top right), counterstaining with fluorescent Nissl (blue; top left), and merge (bottom right).
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be a population of neurons receiving directly activated by
both projections. To relate the distribution of BLA and
VPMpc axonal fields with functional synapses onto GC
neurons, we employed in vivo intracellular recordings (Fig.
2) combined with electrical stimulation to resolve sub-
threshold synaptic events. First, we characterized the
properties of VPMpc responses (Fig. 3). Then, we com-
pared the DV position of recorded GC neurons that re-
sponded monosynaptically to VPMpc stimulation to our
dataset of GC neurons that respond to BLA stimulation
(Fig. 4). Neurons were recorded between 4.0 and 5.6 mm
ventral from the pial surface, a range of depths indicating
that this group of neurons was sampled across the en-
tirety of GC.

Identification of putative pyramidal neurons in GC
Once a cell was impaled and recordings stabilized, neu-

rons were characterized with a series of procedures. First,
spontaneous activity was recorded and assessed for
1min to ensure stability; then square current steps of in-
creasing amplitude were injected to determine the neuron
firing pattern. Only regular spiking neurons, typically py-
ramidal neurons, were included in the analysis. Following
these tests, stimulation of VPMpc or BLA at increasing
stimulation intensities were delivered to test responsive-
ness and obtain input/output curves for either input. We
initially focused on characterizing VPMpc response

properties, as a detailed analysis of BLA input was re-
ported in our previous study (Stone et al., 2011). Finally,
after rapidly testing the input/output curve for BLA re-
sponses we begun assessing the effect of BLA stimula-
tion on VPMpc evoked responses. Figure 2A shows the
typical spontaneous activity of putative pyramidal neu-
rons in GC recorded intracellularly under urethane anes-
thesia, paired with a simultaneously recorded EEG signal.
The average downstate membrane potential and sponta-
neous firing rate observed at rest were �776 1.5mV and
0.9860.54Hz, respectively. Histologic reconstruction of
recorded neurons was performed at the end of each ex-
periment. Figure 2B shows a biocytin-filled pyramidal
neuron recorded at a depth of 5.35 mm from the pia and
located in the intermediate layers of dysgranular GC.
Neurons included in the analysis had an average input re-
sistance of 336 1 MX (Fig. 2C), consistent both with a
previous study and with data from somatosensory cortical
cells (Hasenstaub et al., 2007; Stone et al., 2011). For
each neuron, the spike f/I relationship was assessed as
further means to identify its putative pyramidal cell iden-
tity (Fig. 2C). The population f/I curve is shown in Figure
2D. In all 26 neurons included in the analysis, the firing
rate increased with increasing steps of current, up to
33.664.5Hz at the maximum current tested, 1500pA,
and firing patterns resembled those of regular spiking
neurons. Data were collected from two additional cells
but discarded from analysis due to firing patterns and

Figure 2. Intracellular recordings from pyramidal neurons in GC of urethane-anesthetized rats. A, Representative trace of spontane-
ous activity recorded with a sharp electrode at resting membrane potential, �80mV, and concurrent parietal EEG recording. B,
Reconstruction of a pyramidal cell filled with biocytin in dysgranular GC. C, The cell from panel A’s responses to injected hyperpola-
rizing and depolarizing DC current steps. D, Mean 6 SEM f/I curve for n=26 cells. Firing properties observed for each cell re-
sembled regular spiking pyramidal neurons. y-axis: firing frequency; x-axis: injected current (pA).
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Figure 3. Stimulation of the gustatory thalamus evokes time-varying PSP in GC neurons. A, Representative cresyl violet-stained
coronal section showing the electrolytic lesion made by the tip of the stimulating electrode in VPMpc (arrow). VPMpc, ventroposter-
iomedial, parvocellular thalamus; VPM, ventroposteriomedial thalamus; VPL, ventroposteriolateral thalamus; VM, ventromedial thal-
amus; ZI, zona incerta; PH, posterior hypothalamus. B, Representative trace of a multi-unit response to the application of cold 0.3
M NaCl to the oral cavity as recorded by the VPMpc stimulating electrode. For each animal, the final DV coordinate of the VPMpc
electrode was determined by where the greatest response to tasting solution was found. In this example, the depth was �6.5 mm
from the pial surface. C, Representative synaptic response of a GC neuron to VPMpc stimulation at resting membrane potential,
�77mV. EPSP amplitude increases with intensity, resulting in an action potential at the greatest intensity. Inset, Mean 6 SEM popu-
lation intensity/response curve, normalized within each cell (n=14). y-axis: normalized PSP amplitude; x-axis: normalized stimulation
intensity. D, Example trace of a cell responding to VPMpc stimulation with a monosynaptic EPSP followed by multi-synaptic inhibi-
tion, unveiled by stimulating with constant intensity at multiple holding potentials (n=5/10). Shaded lines indicate the times post-
PSP onset where amplitudes were measured for determining the reversal potential of the components of the PSP: open circle,
3–5ms post-onset; black triangle, 35ms post-onset. E, Example trace of a cell responding to VPMpc stimulation with a monosy-
naptic EPSP followed by an upstate (n=5/10). No inhibition could be unveiled by depolarizing holding potentials. Shaded line with
open circle indicates amplitude was measured 3–5ms post-PSP onset for determining reversal potential. F, Population plot of rever-
sal potentials for early component of PSP (open circles: 3–5ms post-onset; n=10) and late component (black triangles: 35 ms
post-onset; n=5). Reversal potentials were calculated by linear regression, represented by the lines on the graph. y-axis: normalized
PSP amplitude; x-axis: holding potential (mV).
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action potential widths resembling inhibitory neurons.
Rarely, we recorded neurons with response properties re-
sembling antidromic activation. These recordings were
terminated and any data that was collected was not
analyzed.

Thalamus-evokedmonosynaptic responses in GC
neurons
To evoke thalamocortical responses in GC, a bipolar

stimulating electrode was positioned in the VPMpc using
stereotaxic coordinates and confirmed by mapping of
taste responses in VPMpc (Fig. 3A,B; see Materials and
Methods). For all preparations, the stimulating electrode
was placed in the region that showed maximal single/
multi-unit responsiveness to the delivery of cold 0.3 M
NaCl solution to the oral cavity (Fig. 3B). The correct
placement of the electrode was further confirmed with
post hoc histology (Fig. 3A) indicating that electrodes
positioned in the taste-responsive area of the thalamus
were always within VPMpc (Fig. 3A). In our experimental
configuration, we could reliably evoke taste responses
within the range �6.0 to �6.8 mm DV from the pia (Fig.
3B), consistent with other reports (Verhagen et al., 2003;
Liu and Fontanini, 2015). The average DV depth of the
stimulating electrode in this study was 6.460.04 mm.
GC neurons responded with a depolarizing PSP to elec-

trical stimulation of VPMpc. PSP amplitude increased
with increasing stimulation intensity (Fig. 3C). Most neu-
rons, 71% (n=10/14), could be driven to fire an action po-
tential at a maximal intensity. The average stimulation
intensity to evoke the largest subthreshold PSP was
0.656 0.15mA, with a range of 0.1–2.25mA. At resting
membrane potential, subthreshold peak PSP amplitudes
averaged 11.76 2.0mV, with an average onset latency of
4.160.8ms and average time-to-peak of 19.76 3.7ms.

Delays from stimulus onset are consistent with monosy-
naptic responses. We then examined the voltage depend-
ency of VPMpc-PSPs. To do that, we used the stimulation
intensity evoking the largest subthreshold PSP and deliv-
ered stimuli while injecting a steady state current into the
cell to progressively vary the membrane potential from hy-
perpolarized to depolarized (Fig. 3D,E). In all neurons
tested (n=10), the amplitude of the early component of
the response was measured 3–5ms post-PSP onset. At a
depolarized holding potential, where the driving force of
the cell is maximal for inhibition and reduced for excita-
tion, the size of this early component was 75610% of
the baseline response measured at resting potential
(baseline Vm: �7762mV; PSP amplitude, baseline Vm:
4.461.8mV; depolarized Vm: �636 2mV; PSP ampli-
tude, depolarized Vm: 2.86 1.2mV; PSP amplitude depo-
larized vs baseline, paired samples one-tailed t test:
p=0.03). At hyperpolarized holding potentials, where the
driving force is maximal for excitation, the early compo-
nent was 1646 18% of the baseline PSP measured at
rest (hyperpolarized Vm: �946 2mV; PSP amplitude,
hyperpolarized Vm: 6.862.6mV; PSP amplitude hyperpo-
larized vs baseline, paired samples one-tailed t test:
p=0.04).
We assessed the reversal potential of the early and late

component of the VPMpc-evoked responses by normaliz-
ing PSP amplitudes to the largest evoked response within
each neuron and plotting these values against their re-
spective holding potential. The PSP reversal potential was
quantified as the x-intercept of the linear regression of the
amplitude/holding potential plot (Fig. 3F). The early PSP
component reversed at �16.8mV. Given the constraints
of intracellular recording techniques this reversal potential
is close to that of AMPA receptors, consistent with the
presence of a monosynaptic glutamatergic projection

Figure 4. DV depth profile of GC neurons receiving input from VPMpc or BLA. A, Representative cresyl violet-stained coronal sec-
tion showing the electrolytic lesion made by the tip of the stimulating electrode in BLA (arrow). BLA, anterior BLA; BLP, posterior
BLA; BLV, ventral BLA; I, intercalated nuclei of the amygdala; EC, external capsule. B, Stereotaxic area in which we searched for
GC cells for intracellular recording. The craniotomy was centered around AP11.5 mm, ML – 5.0 mm from bregma. Gray shading:
search area, �4 to �6 mm ventral as measured from the pial surface, sampled with our recordings. Our search area covered all sub-
divisions of GC. CL., claustrum; GI, granular subdivision; DI, dysgranular subdivision; AID, dorsal agranular subdivision; AIV, ventral
agranular subdivision. C, Data were pooled as described in Materials and Methods, and the frequency distribution of cells respond-
ing to each stimulation type was plotted against the recording depth of the cell: VPMpc responsive (black bars; n=42) and BLA re-
sponsive (gray bars; n=61). Right panel, Cumulative sum of frequency comparing cells responding to BLA and VPMpc stimulation.
y-axis: recording depth from pia, between �4 and �6 mm; x-axis: frequency. Asterisk indicates KS test p, 0.05.
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from VPMpc to GC (Moore and Nelson, 1998; Stone et al.,
2011). While the initial component of the evoked PSP was
uniformly excitatory in all recorded neurons, two distinct
groups could be identified based on the later part of the
VPMpc-evoked response. One group of neurons, 50%
(n=5/10), showed a PSP with a late component reversing
at �75.2mV (Fig. 3D), near the reversal potential for chlo-
ride, indicative of an early glutamatergic component fol-
lowed by a GABAA-mediated polysynaptic response
(Maffei et al., 2006; Stone et al., 2011). The remaining
50% of GC neurons (Fig. 3E) did not show an inhibitory
component in the late phase of the VPMpc-PSP.
We further compared the early component of the PSP

between GC neurons with and without polysynaptic inhi-
bition and found that in neurons lacking the inhibitory
component (Fig. 3E), the initial depolarizing component of
the response reversed at �6.5mV, more depolarized than
the population average, suggesting that this population of
neurons showed a predominantly excitatory response to
VPMpc stimulation. In contrast, the early component of
the PSP for neurons with a late inhibitory component re-
versed at �29.0mV, reflecting a mixed response likely
due to early recruitment of inhibition.
Neurons receiving polysynaptic inhibition did not differ

from neurons lacking a late inhibitory component in terms
of: DV position (polysynaptic inhibition group: 4.66 0.3
mm; no inhibition group: 4.36 0.1 mm; independent sam-
ples two-tailed t test, p=0.29), peak amplitude at Vm (pol-
ysynaptic inhibition group: 6.46 0.8mV; no inhibition
group: 7.06 2.9mV; independent samples two-tailed t
test, p=0.84), onset latency (polysynaptic inhibition
group: 8.06 2.7ms; no inhibition group: 2.56 0.4ms; in-
dependent samples two-tailed t test, p=0.08), or time-to-
peak (polysynaptic inhibition group: 34.66 13.7ms and
no inhibition group: 18.16 6.9ms, respectively; inde-
pendent samples two-tailed t test, p=0.31). These data
suggest that stimulation of the VPMpc can evoke a PSP
with distinct ratios of excitation and inhibition, possibly re-
flecting distinct recruitment of excitatory and inhibitory
circuits by thalamocortical afferents.

DV profile of GC neurons responding to VPMpc or BLA
stimulation
In our experiments, we monitor the depth of the sharp

electrode tip and record from GC cells located 4–6 mm
ventral from the pial surface. Thus, our recordings sample
broadly within the taste-responsive region of the insular
cortex (Fig. 4B, shaded region of stereotaxic reconstruc-
tion). We had previously characterized the response prop-
erties of GC neurons responding to BLA stimulation
(Stone et al., 2011). As now we have also identified GC
neurons responding to VPMpc stimulation, we used infor-
mation about the positions of the recordings from the pre-
vious study and the current work to map the locations of
GC cells responding to either input, and compare that to
the anterograde tracing data. The depth profile of record-
ings of monosynaptic responses to VPMpc or BLA stimu-
lation is shown in Figure 4C. For neurons responding to
BLA, the plot includes the positioning of neurons re-
corded in this study pooled with neurons included in our

previous work (Stone et al., 2011) and with neurons that
were tested for responsiveness, but with recording dura-
tion insufficient to contribute to the other analyses (n=50;
see Materials and Methods). Figures 3A, 4A show histo-
logic verifications of stimulating electrodes in VPMpc and
BLA.
Neurons responding to VPMpc or BLA stimulation

could be found at all depths between �4 and �5.8 mm
from the pia, which is the full extent of our search region
in GC as guided by the stereotaxic atlas (Fig. 4B).
However, the positioning of GC neurons responding with
monosynaptic PSPs to VPMpc stimulation showed a dor-
sal bias (Fig. 4C, left panel; average DV depth 4.66 0.07
mm; n=42); while neurons responding with monosynaptic
PSPs to BLA stimulation tended to be more ventral (Fig.
4C, middle panel; average DV depth 4.86 0.06 mm;
n=61). The cumulative sum of frequency plot in Figure
4C, right panel, shows that the differences in depth pro-
files were significant (KS test applied to the BLA respond-
ing and VPMpc responding groups, D=0.2865, p=0.03).
Thus, the depth profile of our electrophysiology data are
congruent with our anatomic data (Fig. 1) and with data
from previous studies suggesting that VPMpc projects
primarily to the more dorsal granular and dysgranular sub-
divisions (Saper, 1982; Kosar et al., 1986; Allen et al.,
1991; Nakashima et al., 2000; Verhagen et al., 2003),
while BLA projects primarily to the more ventral dysgranu-
lar and agranular subdivisions (Saper, 1982; Allen et al.,
1991; Hanamori, 2009). However, the presence of neu-
rons responding to both inputs across the full extent of
GC suggests that inputs are not segregated and that a
significant degree of functional overlap is expected.

Monosynaptic inputs from VPMpc and BLA converge
on a subpopulation of GC neurons
Informed by the anatomic analysis and depth profile of

VPMpc and BLA responsive neurons, we asked whether
there is evidence of convergent inputs from these re-
gions onto a population of GC neurons. To address this
question, we implanted stimulating electrodes in both
VPMpc and BLA in a subset of animals and performed
intracellular recordings to assess neuronal responsive-
ness to stimulation of either (or both) inputs. We identi-
fied a group of neurons that responded to both inputs
with delays consistent with monosynaptic connections
from both regions (n= 30). GC neurons responding
monosynaptically to both VPMpc and BLA stimulation
were distributed throughout the depth profile sampled
(Fig. 5A; average DV depth: 4.76 0.09 mm; n= 30).
These data indicate that VPMpc and BLA afferents not
only overlap within the same region of GC but can also
target the same postsynaptic neurons. In addition, the
data suggest that the functional overlap of the inputs is
more extensive than expected from tracing studies alone
and is not limited to a specific subdivision of GC.
Next, we investigated the dynamics of integration of

VPMpc and BLA in a group of GC neurons receiving con-
vergent inputs. Experimental evidence shows that VPMpc
inactivation almost completely abolishes taste coding in
GC, while BLA inactivation affects taste processing
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Figure 5. Time-dependent modulation of VPMpc-PSPs by preceding BLA stimulation. A, Frequency distribution of cells responsive
to both BLA and VPMpc plotted against recording depth (light gray bars; n=30). y-axis: recording depth from pia, between �4 and
�6 mm; x-axis: frequency. B, Example traces recorded at resting membrane potential, �78mV, from a GC cell 4.4 mm ventral from
the pial surface. Left, black trace, Evoked PSP to BLA stimulation alone (sBLA). Black arrow indicates BLA stimulation onset. Right,
blue trace, Evoked PSP to VPMpc stimulation alone (sVPMpc). Green arrow indicates VPMpc stimulation onset. C, Evoked PSPs in
the same cell for a single BLA shock followed by a single VPMpc shock (sBLA1sVPMpc) at latencies of 0, 10, and 50ms (black
traces). Superimposed blue traces reflect the evoked PSP at baseline (sVPMpc), as in panel A, to facilitate comparing PSP ampli-
tudes. This cell exhibits the typical response pattern: enhanced PSP amplitude at short latency and shunted PSP amplitude at lon-
ger latency. D, Population data from n=5 cells tested. Left panel, Normalized amplitudes of evoked sBLA1sVPMpc-PSP at varying
interstimulus latencies. y-axis: normalized mean 6 SEM PSP amplitude; x-axis: effective interstimulus latency (ms). Right panel,
Effective interstimulus latency was binned and sBLA1sVPMpc-PSP amplitudes from the population of cells were averaged. y-axis:
normalized mean 6 SEM PSP amplitude; x-axis: binned interstimulus latency (ms). Asterisks indicate p, 0.01.
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without dramatically impairing it (Piette et al., 2012;
Samuelsen et al., 2013). According to the definition of
“driver” and “modulator” input (Sherman and Guillery,
1998), we interpreted published results as evidence that
the VPMpc drives GC, while BLA modulates it. Therefore,
we investigate the effect of preceding BLA stimulation on
VPMpc responses. We previously reported that BLA-
PSPs have time varying dynamics (Stone et al., 2011).
Thus, we hypothesized that BLA could modulate pyrami-
dal neurons’ responsiveness to thalamic input differently
depending on the timing of BLA and VPMpc stimulation.
As the initial portion of BLA and VPMpc responses
are both dominated by excitation, we predicted that if
the latency between BLA and VPMpc stimuli was suffi-
ciently short the early excitatory components of both
PSPs could sum, enhancing neurons’ response ampli-
tudes. Conversely, we expected a suppression of VPMpc-
PSPs if VPMpc was stimulated during the inhibitory phase
of the BLA-PSP. To test this possibility, we adjusted the
stimulation intensity to evoke the largest subthreshold
PSPs for both inputs (Fig. 5B), then delivered a single
baseline VPMpc stimulus (sVPMpc) followed, 10 s later, by
a pairing in which a single BLA stimulus (sBLA) preceded a
VPMpc stimulus (sBLA1sVPMpc). The amplitude of the
PSP resulting from VPMpc and BLA pairing (sBLA1
sVPMpc-PSP) was compared with that of the baseline
PSP (sVPMpc-PSP). The interstimulus latency between
BLA and VPMpc stimulation in the pairing was varied be-
tween 0 and 200ms (Fig. 5C). For the neurons in this group
(n=5), peak sBLA-PSP amplitude was 9.06 2.5mV, with
an onset latency of 10.26 2.3ms, and peak sVPMpc-PSP
amplitude was 8.66 1.3mV, with an onset latency of
3.761.2ms.
While all VPMpc and BLA evoked responses showed

onset delays compatible with monosynaptic connectivity,
the time of PSP onset for the two PSPs could show some
degree of variability in different neurons. Thus, for each
cell the effective interstimulus latency of the sBLA1
sVPMpc pairing was corrected by the difference between
the onset latencies of the PSPs evoked by sBLA and
sVPMpc stimulation alone. Once corrected, the effective
range of timing intervals tested was between �15 and
201ms.
Pairing of sBLA and sVMPpc stimuli modulated the am-

plitude of the resulting sBLA1sVPMpc-PSP in a time-de-
pendent fashion as predicted (Fig. 5C,D). In all cells
tested with this protocol (n=5), when sBLA was paired
with sVPMpc (sBLA1sVPMpc) at effective latencies be-
tween �15 and 5ms, the amplitude of the evoked PSP
was significantly larger than that of the baseline sVPMpc-
PSP (Fig. 5D; normalized PSP amplitude sBLA1sVPMpc,
Dt �15 to 0ms: 1406 5%; Dt 0–5ms: 1706 10%; paired
sample two-tailed t tests, p=2 � 10�6 and p=0.001,
respectively). If sBLA preceded sVPMpc by 6–11ms,
there was no significant modulation of the VPMpc re-
sponse (Fig. 5D; normalized PSP amplitude Dt 6–11ms:
1206 6%; paired sample two-tailed t test, p=0.05). As
the time window for the pairing of BLA and VPMpc stimu-
lation widened to 12–51ms, the amplitude of the PSP
evoked by the pairing was significantly decreased

compared with baseline (Fig. 5D; normalized PSP ampli-
tude, Dt 12–51ms: 6067%; paired sample two-tailed t
test, p=3 � 10�4). Finally, when sVPMpc followed sBLA
by 85–201ms, there was no significant modulation of the
resulting PSP (Fig. 5D; normalized PSP amplitude, Dt 85–
101ms: 856 6%; Dt 185–201ms: 8767%, paired sam-
ple two-tailed t tests, p=0.15 and p=0.05, respectively).
These data suggest that excitation from BLA and

VPMpc inputs can sum maximally when inputs arrive with
delays shorter than 5ms. Because of the early emergence
of the inhibitory component of the sBLA-PSP, excitation
no longer sums by latencies of 6–11ms, and inhibitory
shunting of the evoked sBLA1sVPMpc-PSP occurs at
latencies of 12–51ms. At latencies longer than 85ms, a sin-
gle BLA stimulus is not effective at modulating sVPMpc-
PSPs. Thus, BLA inputs to GC can significantly modulate
incoming thalamocortical responses, supporting the impor-
tant role for BLA in the processing of taste information.

Twenty-Hertz BLA bursts modulate GC responses to
VPMpc stimulation
A recent study showed that when rats learn to press a

lever to self-administer tastes following an auditory cue,
cue-responsive BLA neurons fire at 20Hz (Samuelsen et
al., 2012). We have previously shown that when 20-Hz
trains of BLA electrical stimuli are delivered, both excita-
tion and inhibition are recruited and summate in GC cells
over the course of the stimulus. Whether excitation or in-
hibition dominates depends largely on the membrane po-
tential of the recorded neuron (Stone et al., 2011). Here,
we examined the effect of preceding BLA bursts at a be-
haviorally relevant frequency on VPMpc-PSPs onto GC
neurons. A train of BLA stimuli (bBLA) at 20Hz (500-ms
duration) was delivered 50, 250, and 500ms prior to a
single VPMpc stimulus (sVPMpc). The amplitude of the
PSP evoked by the bBLA and sVPMpc pairing (bBLA1
sVPMpc) was compared with that of a baseline sVPMpc-
PSP (Fig. 6). This stimulation protocol is modified from a
study of prefrontal suppression of excitatory afferents to
the ventral striatum (Calhoon and O’Donnell, 2013). As
shown in the examples in Figure 6A,B, and the population
data summarized in Figure 7A, we tested n=8 GC cells in
this protocol and identified two groups of neurons whose
VPMpc-evoked responses are differentially modulated by
a preceding BLA burst.
A group of neurons (Figs. 6A, 7A, left panel; n=5/8 or

63% of neurons tested) showed significant suppression
of the bBLA1sVPMpc-PSP amplitude in a time depend-
ent manner while the second group of neurons showed
facilitation (Figs. 6B, 7A, right panel; n=3/8 or 38%). In
both cases, the membrane potential of the recorded
neuron was modulated by the BLA burst, so we first as-
sessed whether the effects of the pairing could be ex-
plained by the state of depolarization/hyperpolarization of
the neuron.
In the suppression group (Fig. 6A), there was a

significant shift toward a more depolarized membrane
potential at the time of the post-burst VPMpc stimulus
(Vm 50ms post-burst latency, sVPMpc: �78.46 0.5mV;
bBLA1sVPMpc: �76.36 0.4mV; paired sample two-

Research Article: New Research 12 of 20

January/February 2020, 7(1) ENEURO.0199-19.2019 eNeuro.org



tailed t test: p=2� 10�4). To control for the possibility that
the suppression of sVPMpc-PSP amplitude resulted from
altered ionic conductance due to the depolarization, we
compared the PSP evoked by bBLA1sVPMpc pairing to
the sVPMpc-PSPs evoked in a voltage-matched condition
where DC current was injected to maintain a comparable
depolarized holding potential (Fig. 6A, inset, green trace vs
blue trace). In the voltage-matched conditions, the average
Vm at the time of VPMpc stimulus delivery,�75.06 0.6mV,
did not differ significantly from that of the bBLA1sVPMpc
pairing,�76.36 0.4mV (independent samples two-tailed
t test: p=0.07). For all cells, the evoked voltage-matc-
hed-sVPMpc-PSP amplitude was larger than that of the
corresponding bBLA1sVPMpc-PSP (PSP amplitude
voltage-matched-sVPMpc: 6.761.0mV; bBLA1sVPMpc:
3.16 0.3mV; independent samples two-tailed t test:
p = 10�4). This finding indicates that the suppressing ef-
fect of preceding BLA bursts on VPM-PSPs was inde-
pendent of a shunting of excitatory drive induced by
membrane depolarization.

An additional set of controls was performed to test
whether the facilitation observed in the second group of
neurons (Fig. 6B) could be explained by a modulation of
Vm by the BLA burst. For this group of neurons, we first
compared the amplitude of bBLA1sVPMpc-PSP and
baseline sVPMpc-PSP during trials where the baseline
VPMpc stimulation was delivered during the downstate of
the ongoing membrane potential oscillation (downstate-
sVPMpc). The amplitude of the evoked sVPMpc-PSP was
larger during downstate trials, as compared with upstate
trials, due to increased excitatory drive. When analysis
of bBLA1sVPMpc-PSP amplitude was restricted to
downstate-sVPMpc trials, the downstate-sVPMpc-PSP
was still significantly smaller than that of bBLA1sVPMpc-
PSPs at all pairing delays tested (50-ms PSP amplitude,
downstate-sVPMpc:7.660.8mV;bBLA1sVPMpc:10.76
0.9mV; 250-ms PSP amplitude, downstate-sVPMpc:
8.361.5mV; bBLA1sVPMpc: 9.56 1.7mV; 500-ms PSP
amplitude, downstate-sVPMpc: 4.86 0.7mV; bBLA1
sVPMpc: 6.06 0.9mV; paired sample two-tailed t tests,

Figure 6. Two populations of GC neurons with distinct BLA modulation of VPMpc-PSPs. A, top left panel, Traces from a cell repre-
senting the group of n=5/8 that show suppressed VPMpc-PSP amplitude following a BLA burst, recorded �4.2 mm ventral to pia.
A single VPMpc stimulus (sVPMpc; black arrow) was delivered under baseline conditions; 500–1500ms later, a 500-ms, 20-Hz BLA
burst (bBLA) was delivered and then followed by a VPMpc stimulus (bBLA1sVPMpc; green arrow) at a latency of 50ms (gray traces:
16 overlaid trials; black trace: average of 16 trials). Inset, Close-up comparison of VPMpc-PSP amplitudes evoked under baseline
conditions (black trace), 50ms after a BLA burst (green trace), and at a comparable Vm to the post-burst trace, maintained by DC
current injection (blue trace). Top right panel, Raw data for peak VPMpc-PSP amplitudes (gray circles) and mean 6 SEM (white rec-
tangles) for the traces pictured. Lines connect amplitudes recorded during the same trial. Asterisks indicate p, 0.01. y-axis: PSP
amplitude (mV); x-axis: sVPMpc and bBLA1sVPMpc. Middle panel, bBLA1sVPMpc latency of 250ms. Bottom panel,
bBLA1sVPMpc latency of 500ms. B, top left panel, Traces from a cell representing the group of n=3/8 that show increased
VPMpc-PSP amplitude following a BLA burst, recorded �4.6 mm ventral to pia. A single VPMpc stimulus (sVPMpc; black arrow)
was delivered under baseline conditions; 500–1500ms later, a 500-ms, 20-Hz BLA burst (bBLA) was delivered and then followed by
a VPMpc stimulus (bBLA1sVPMpc; green arrow) at a latency of 50ms (gray traces: 16 overlaid trials; black trace: average of 16 tri-
als). Inset, Close-up comparison of VPMpc-PSP amplitudes evoked under baseline conditions (black trace), 50ms after a BLA burst
(green trace), and at a comparable Vm to the post-burst trace, maintained by DC current injection (blue trace). Top right panel, Raw
data for peak VPMpc-PSP amplitudes (gray circles) and mean 6 SEM (white rectangles) for the traces pictured. Lines connect am-
plitudes recorded during the same trial. Asterisks indicate p, 0.01. y-axis: PSP amplitude (mV); x-axis: sVPMpc and
bBLA1sVPMpc. Middle panel, bBLA1sVPMpc latency of 250ms. Bottom panel, bBLA1sVPMpc latency of 500ms.
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Figure 7. BLA bursts modulate VPMpc-PSP amplitude and temporal dynamics. A, For each cell and post-BLA burst latency tested,
the average amplitude of the evoked VPMpc-PSP under baseline conditions (sVPMpc) was used to normalize the amplitude of the
evoked post-burst PSP (bBLA1VPMpc). These normalized amplitudes were then averaged across cells with the same response
pattern and plotted. Left panel, Group of n=5/8 cells (as in Fig. 6A), where the VPMpc-PSP was depressed following a BLA burst.
Each cell’s mean, normalized PSP amplitude (gray circles) and the group mean 6 SEM (light gray bars) is shown for each latency
tested. Asterisks indicate p, 0.01. Right panel, Group of n=3/8 cells (as in Fig. 6B), where the VPMpc-PSP was enhanced following
a BLA burst. Each cell’s mean, normalized PSP amplitude (gray circles) and the group mean 6 SEM (white bars) is shown for each
latency tested. Asterisks indicate p, 0.01. y-axis: normalized bBLA1sVPMpc-PSP amplitude; x-axis: post-BLA burst latency (ms).
B, left panel, Representative trace from a GC cell recorded 4.8 mm ventral from the pia to VPMpc stimulation under control condi-
tions (sVPMpc; top trace) and 250ms following a BLA burst (bBLA1sVPMpc, bottom trace). Gray traces: 16 overlaid trials. Black
trace: Average of 16 trials. Right panel, CV was calculated from the peak PSP amplitudes evoked by VPMpc stimulation at post-
BLA burst latencies of 50, 250, and 500ms and normalized to the CV calculated under baseline conditions. Each cell’s mean, nor-
malized CV (n=8; gray circles) and group mean 6SEM (white bars) are shown. Asterisks indicate p, 0.05. y-axis: normalized CV
for bBLA1sVPMpc-PSP; x-axis: post-BLA burst latency (ms). C, VPMpc-PSP onset latency was measured under baseline condi-
tions (sVPMpc) and following a BLA burst (bBLA1sVPMpc) at latencies of 50, 250, and 500ms. The PSP onset latency was signifi-
cantly increased at each post-burst interval as compared with baseline, with the strongest effect at 50ms. Asterisks indicate
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p=2�10�12,p=0.03,andp=0.002, respectively). Inorder
to furthercontrol foranyeffectofashift inmembranepoten-
tial on the facilitation of the VPMpc-PSP induced by a
precedingBLAburst, a second comparisonwas drawnbe-
tween the amplitude of the bBLA1sVPMpc-PSPs at a
50-ms latencyto thatofPSPsevokedbyVPMpcstimulation
delivered in a voltage-matchedcondition. For each cell, the
average Vm at the time of bBLA1sVPMpc stimulus delivery
wasmeasuredandevokedPSPamplitudeswerecompared

withtrials inwhichcurrentwasinjectedtomaintainacompa-
rable Vm during sVPMpc stimulation (voltage-matched-
sVPMpc). As shown in the inset of Figure 6B, the PSP evo-
ked during a voltage-matched trial (blue trace) is smaller in
amplitude than the bBLA1sVPMpc-PSP (green trace), de-
spitethemorehyperpolarizedmembranepotentialatstimu-
lus onset in this case. This result was also reflected in the
group data, although when pooled, the pre-stimulus Vm of
the sVPMpc-PSP and bBLA1sVPMpc-PSP did not differ

continued
p, 0.05. y-axis: normalized bBLA1sVPMpc-PSP onset latency; x-axis: post-BLA burst latency (ms). D, VPMpc-PSP time-to-peak
was measured from stimulus onset under baseline conditions (sVPMpc) and following a BLA burst (bBLA1sVPMpc) at latencies of
50, 250, and 500ms. The PSP time-to-peak was significantly smaller at a post-burst latency of 50ms and larger at 250- and 500-
ms latencies. Asterisks indicate p, 0.05. y-axis: normalized bBLA1sVPMpc-PSP time-to-peak from stimulus onset; x-axis: post-
BLA burst latency (ms). E, VPMpc-PSP time-to-peak was measured from PSP onset under baseline conditions (sVPMpc) and
following a BLA burst (bBLA1sVPMpc) at latencies of 50, 250, and 500ms. The PSP time-to-peak was significantly smaller at a
post-burst latency of 50 ms and larger at 500-ms latency. Asterisks indicate p,0.05. y-axis: normalized bBLA1sVPMpc-PSP time-
to-peak from PSP onset; x-axis: post-BLA burst latency (ms).

Figure 8. Local recruitment of inhibition determines the sign of BLA modulation of VPMpc. A, left panel, Example traces for compar-
ison of the size of the excitatory and inhibitory components of the sBLA-PSP measured at Vm for a cell from the suppression group
(e.g., top trace) and from the facilitation group (e.g., bottom trace). Black arrow indicates BLA stimulus onset. Middle panel, Average
6 SEM of the EPSP and IPSP amplitudes measured in the suppression group (gray bars) and the facilitation group (white bars)
when BLA was stimulated at rest. Asterisks indicate p, 0.05. y-axis: sBLA-PSP amplitude (mV). Right panel, % contribution of the
IPSP amplitude to total response height for the suppression group (gray bar) and the facilitation group (white bar). B, left panel,
Example traces for comparison of the size of the excitatory and inhibitory components of the sVPMpc-PSP measured at Vm for a
cell from the suppression group (e.g., top trace) and from the facilitation group (e.g., bottom trace). These cells are the same as in
A. Black arrow indicates VPMpc stimulus onset. Middle panel, Average 6 SEM of the EPSP and IPSP amplitudes measured in the
suppression group (gray bars) and the facilitation group (white bars) when VPMpc was stimulated at rest. y-axis: sVPMpc-PSP am-
plitude (mV). Right panel, % contribution of the IPSP amplitude to total response height for the suppression group (gray bar) and
the facilitation group (white bar).
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significantly (Pre-VPMpc stimulus Vm, sVPMpc: �70.36
0.9mV; bBLA1sVPMpc: �69.96 0.8mV; paired sample
two-tailed t test,p= 0.5). In thevoltage-matchedcondition
(Pre-VPMpc stimulus Vm, voltage-match-sVPMpc: �68.8 6
1.1mV; bBLA1sVPMpc: �69.96 0.8mV; independent
sample two-tailed t test, p= 0.33) the amplitude of the
evoked sVPMpc-PSP was significantly smaller than
that evoked by bBLA1sVPMpc pairing at 50-ms latency
(PSPamplitude,voltage-matched-sVPMpc:8.36 1.1mV;
bBLA1 sVPMpc: 11.66; 0.9mV; independent sample
two-tailed t test: p= 0.03). Thus, the modulation of the
VPMpc-PSP by BLA is not due to a shift in Vm but de-
pends on the integration of synaptic inputs.
For both groups of neurons, we analyzed the time de-

pendency of the suppression and facilitation. The strong-
est suppression was observed at the shortest latency
(50ms), with the bBLA1sVPMpc-PSP amplitude ac-
counting for 406 2% of the baseline sVPMpc-PSP on av-
erage (Figs. 6A, 7A, left panel; PSP amplitude, sVPMpc:
8.560.7mV; bBLA1sVPMpc: 3.46 0.3mV; n=5; paired
sample two-tailed t test, p=10�14). At a latency of
250ms, bBLA1sVPMpc-PSPs were 776 4% of baseline
sVPMpc-PSPs (Figs. 6A, 7A, left panel; PSP amplitude,
baseline sVPMpc: 9.06 0.8mV; bBLA1sVPMpc: 6.66
0.5mV; n=5; paired sample two-tailed t test, p=3 �
10�5). At a latency of 500ms, the modulatory effect of the
BLA burst was no longer significant (Figs. 6A, 7A, left
panel; PSP amplitude, baseline sVPMpc: 7.96 0.6mV;
bBLA1sVPMpc: 7.46 0.5mV; n=5; paired sample two-
tailed t test, p=0.3). These data suggest that the shunting
effect of trains of BLA stimuli at 20Hz on VPMpc re-
sponses is strongest for convergent inputs being acti-
vated within a short time window.
The enhancement of the sVPMpc-PSP in the facilitation

group was observed at all bBLA1sVPMpc intervals tested
(Figs. 6B, 7A, right panel), although the strongest effect
was at a latency of 50ms. In this group, the amplitude of
the bBLA1sVPMpc-PSP averaged 1516 4% of the
amplitude of the baseline sVPMpc-PSP when the BLA
burst preceded the VPMpc stimulus by 50ms (Figs. 6B,
7A, right panel; PSP amplitude, sVPMpc: 8.06 0.7mV;
bBLA1sVPMpc: 11.66 0.9mV; n=3; paired sample
two-tailed t test, p=10�10). The enhancement of the PSP
relative to baseline remained significant for bBLA1
sVPMpc stimuli paired at 250–500ms. For 250-ms inter-
vals, the amplitude of the bBLA1sVPMpc-PSP averaged
1236 3% of the baseline sVPMpc-PSP (Figs. 6B, 7A,
right panel; PSP amplitude, sVPMpc: 9.46 1.2mV;
bBLA1sVPMpc: 12.36 1.5mV; n=3; paired sample
two-tailed t test, p=0.001) and at 500ms, the bBLA1
sVPMpc-PSP amplitude remained significantly above
(12263%) that of baseline sVPMpc-PSPs (Figs. 6B, 7A,
right panel; PSP amplitude, sVPMpc: 6.96 0.8mV;
bBLA1sVPMpc: 8.26 0.9mV; n=3; paired sample two-
tailed t test, p=0.006).

Synaptic interactions underlie the modulatory effect
of BLA on VPMpc-PSPs
We further analyzed the properties of the recorded GC

neurons and the temporal dynamics of the synaptic

responses to identify factors that could differentiate the
modulatory effect of BLA bursts on VPMpc responses.
Neurons showing a positive or negative modulation of
sVPMpc-PSP amplitude by trains of BLA stimulation did
not differ in depth of recording from the pia (enhancement
group: 4.56 0.2 mm; suppression group: 4.560.1 mm;
independent sample two-tailed t test, p=0.90), maximum
BLA-PSP amplitude during the 20-Hz BLA burst (en-
hancement group: 7.061.3mV; suppression group:
6.061.7mV; independent sample two-tailed t test,
p=0.60), peak amplitude of the excitatory component of
the PSP evoked by a single baseline VPMpc stimulus re-
corded at resting membrane potential (enhancement
group: 8.66 3.4mV; suppression group: 9.96 2.2mV; in-
dependent sample two-tailed t test, p=0.77), or peak am-
plitude of the excitatory component of the PSP evoked by
a single BLA stimulus at resting membrane potential (en-
hancement group: 5.061.8mV; suppression group:
5.361.6mV; independent sample two-tailed t test,
p=0.92).
Several additional response properties of sVPMpc-

PSPs were modulated by preceding BLA bursts, although
these effects were similar between the enhanced and
suppressed groups. The membrane potential of GC
neurons showed slow wave oscillations under urethane
anesthesia (Fig. 1A) and VPMpc stimulation, delivered
randomly during the neuron’s oscillations, can occur
when the membrane is either in an up or down state. As
shown previously, 20-Hz BLA stimulation evokes a tail of
hyperpolarization following the offset of the train (Stone et
al., 2011). All recorded GC neurons showed a decrease in
the variability of the membrane potential following the
BLA burst. When we compared the coefficient of variance
(CV) for the peak of sVPMpc-PSPs and bBLA1sVPMpc-
PSPs, we found a significant decrease to 756 10% of
baseline for 50ms post-burst latency (Fig. 7B; CV, base-
line sVPMpc-PSP: 0.366 0.06; bBLA1sVPMpc-PSP:
0.2660.05; paired sample one-tailed t test, p=0.03) and
to 606 11% of baseline CV for 250-ms latency (Fig. 7B;
CV, baseline sVPMpc-PSP: 0.346 0.07; bBLA1sVPMpc-
PSP: 0.196 0.05; paired sample one-tailed t test,
p=0.03). For pairings with a latency of 500ms, no signifi-
cant changes in CV were observed (Fig. 7B; CV, baseline
sVPMpc-PSP: 0.256 0.06; bBLA1sVPMpc-PSP: 0.246
0.04; one-tailed t test, p=0.40). BLA burst stimulation
may serve to decrease membrane potential variability for
;250ms following offset of the burst, and this reduction
in CV may be one mechanism by which the amygdala can
modulate the gain of other circuit inputs.
In addition, a BLA burst preceding VPMpc stimulation

modulated VPMpc-PSP response latencies. We pooled
the data from the n=8 cells for which we collected a com-
plete dataset of post-BLA burst latencies of 50, 250, and
500ms (n=3 from the facilitating amplitude group, n=5
from the suppressing amplitude group) and compared
sVPMpc-PSP onset latency and time-to-peak measured
at baseline (sVPMpc) and post-BLA burst (bBLA1
sVPMpc). For all neurons (n=8), PSP onset latency for the
bBLA1sVPMpc-PSP was significantly longer at each
post-burst latency tested (Fig. 7C). The strongest effect
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was observed at a 50ms post-burst latency where the
bBLA1sVPMpc-PSP onset latency was 1206 3% of
baseline (Fig. 7C; onset latency, sVPMpc-PSP: 5.86
0.3ms; bBLA1sVPMpc-PSP: 7.06 0.3ms; paired sample
two-tailed t test, p=10�5). At a 250ms post-burst latency,
onset latency was 1106 3% of baseline (Fig. 7C; onset la-
tency, sVPMpc-PSP: 5.76 0.3ms; bBLA1sVPMpc-PSP:
6.260.3ms; paired sample two-tailed t test, p=0.02). At
a 500ms post-burst latency, the PSP onset latency was
1106 2% of baseline (Fig. 7C; onset latency, sVPMpc-
PSP: 5.760.3ms; bBLA1sVPMpc-PSP: 6.36 0.3ms;
paired sample two-tailed t test, p=5 � 10�4). Analysis of
time-to-peak revealed that at a 50ms post-BLA burst la-
tency, the time-to-peak showed a small but significant
decrease to 986 3% of baseline (Fig. 7D; time-to-peak,
sVPMpc-PSP: 17.96 0.9ms; bBLA1sVPMpc-PSP: 16.16
0.6ms; paired sample two-tailed t test, p=0.005). Di-
fferently, for longer post-burst latencies, sVPMpc-PSP time-
to-peak was increased. At 250ms, time-to-peak was
1146 3% of baseline (Fig. 7D; time-to-peak, sVPMpc-PSP:
17.86 0.9ms; bBLA1sVPMpc-PSP: 19.66 0.9ms; paired
sample two-tailed t test, p=0.01). At 500ms, time-to-peak
was 1186 3% of baseline (Fig. 7D; time-to-peak, sVPMpc-
PSP: 17.26 0.9ms; bBLA1sVPMpc-PSP: 20.06 0.9ms;
paired sample two-tailed t test, p =10�4). When time-to-
peak was measured from PSP onset rather than stimulus
onset, the effect at a 50ms post-burst latency was de-
creased to 8764% of baseline (Fig. 7E; time-to-peak
from PSP onset, sVPMpc-PSP: 12.16 0.7ms; bBLA1
VPMpc-PSP: 9.16 0.4ms; paired sample two-tailed t
test, p=10�5). At a 250-ms delay, the time-to-peak from
PSP onset was not significantly different (Fig. 7E; time-to-
peak from PSP onset, sVPMpc-PSP: 12.56 0.8ms;
bBLA1VPMpc-PSP: 13.76 0.7ms; paired sample two-
tailed t test, p=0.1). At a 500-ms post-burst delay, the
time-to-peak from PSP onset was significantly increased
to 1226 4% of baseline (Fig. 7E; time-to-peak from PSP
onset, sVPMpc-PSP: 11.76 0.7ms; bBLA1VPMpc-PSP:
13.96 0.7ms; paired sample two-tailed t test, p=0.001).
The rise time of the bBLA1sVPMpc-PSP was significantly
decreased from baseline in the 50-ms latency condi-
tion (rise time 10–90% peak amplitude, sVPMpc-PSP:
15.26 3.9ms; bBLA1sVPMpc-PSP: 7.16 1.4ms; paired
sample two-tailed t test, p=0.03; n=8). This effect is con-
sistent with the observation of opposite changes in
sVPMpc-PSP onset, delayed, and time-to-peak, short-
ened, in the 50-ms delay condition. Altogether, these pa-
rameters highlight the complexity of the modulatory
effects of 20-Hz BLA bursts preceding VPMpc stimuli at
both suppressing and facilitating neurons. Nevertheless,
modulation of these parameters was comparable in facil-
itation and suppression groups, therefore it did not ex-
plain the different effects of BLA on VPMpc-PSP
amplitudes.
We then focused on the comparison of excitatory and

inhibitory components of single BLA and VPMpc evoked
PSPs of the neurons receiving converging inputs. The am-
plitude of the hyperpolarizing component of the sBLA-
PSP evoked while GC neurons were sitting at resting
membrane potential was significantly larger in the group

showing BLA burst-induced suppression of the sVPMpc-
PSP (Fig. 8A, left and middle panels; peak of the BLA hy-
perpolarizing response, facilitation group: �0.36 0.2mV;
suppression group: �2.160.8mV; independent sample
one-tailed t test, p=0.04). When the EPSP amplitude was
added to the absolute value of the IPSP amplitude to yield
a total response amplitude, the inhibitory component of
the response accounted for 46 2% of the BLA-evoked
PSP total response amplitude for the group of neurons
showing enhancement and for 256 11% of the amplitude
of the BLA-evoked PSP for the group of neurons showing
suppression (n=5; Fig. 8A, right panel). Figure 8A, left
panel exemplifies this difference; the top trace is a sBLA-
PSP from a cell in the suppression group showing a poly-
synaptic inhibitory trough at Vm while the bottom trace,
from a cell in the facilitation group, lacks this hyperpolar-
ization at Vm. These data suggest that the size of the BLA-
PSP inhibitory component evoked at Vm can influence the
sign (facilitation or depression) of the modulation of a BLA
burst on GC neurons’ responsiveness to VPMpc inputs.
An additional difference between the two groups of neu-
rons regards the contribution of inhibition from the
VPMpc-PSP. The majority of neurons (n=4/5) showing
suppressed VPMpc-PSPs in response to bBLA1sVPMpc
pairings responded to a single VPMpc stimulus with an
excitatory response followed by an inhibitory component
(Fig. 8B, left panel, top trace). These cells would have a
mixed potential early in the sVPMpc-PSP (Fig. 3D).
Differently, all the neurons (n=3/3) showing facilitation in
response to BLA-VPMpc pairings lacked a VPMpc-
evoked inhibitory component (Fig. 8B, left panel, bottom
trace). These cells have a comparatively stronger excita-
tory drive early in the sVPMpc-PSP (Fig. 3E). Taken to-
gether, the data suggest that in GC neurons with a
significant inhibitory polysynaptic response to BLA stimu-
lation at Vm, the suppressive effect of a preceding BLA
burst on the VPMpc-PSP is primarily dependent on sum-
mation of BLA-evoked inhibition and the mixed excita-
tory/inhibitory potential contributed by the VPMpc. In
contrast, neurons displaying enhancement of the VPMpc
response following a BLA burst showed no VPMpc-PSP
inhibitory component and a small-to-negligible BLA-PSP
inhibitory component at Vm. In this group of neurons, the
integration of thalamic and limbic inputs relied primarily
on summation of the excitatory components of the PSPs,
resulting in an amplification of the thalamic-evoked re-
sponse amplitude. Future study is needed to determine
the connectivity of the local circuit and to see whether
there are any differences based on cortical layer or
subdivision.
Altogether, our data show that a population of GC neu-

rons receive convergent thalamic and limbic inputs. BLA
inputs can modulate both the gain and temporal dynam-
ics of VPMpc-evoked responses. While the temporal dy-
namics are similarly affected in all the GC neurons
directly activated BLA and VPMpc afferents, the sign of
BLA modulation of the gain of VPMpc-PSPs depends on
the recruitment of local inhibition and on the relative tim-
ing of incoming thalamocortical and amygdalocortical
stimuli.
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Discussion
In this paper, we present results showing that thalamic

and amygdalar axonal fields are distributed in the gusta-
tory portion of the insular cortex. While visual inspection
of the data suggests that VPMpc axons are primarily dis-
tributed dorsally and BLA axons are prominently distrib-
uted ventrally in GC, imaging analysis highlighted a region
of terminal field overlap. Intracellular recordings in anes-
thetized animals allowed us to identify a population of GC
neurons receiving direct projections from both BLA and
VPMpc, supporting the presence of a circuit for direct
convergence and integration of stimuli carrying informa-
tion about different aspects of a sensory experience.
VPMpc is considered the primary sensory thalamocorti-

cal input to GC, while BLA is thought to convey informa-
tion about the affective dimensions of a taste stimulus,
compatible with the interpretation that VPMpc inputs are
drivers and BLA projections act as modulators (Sherman
and Guillery, 1998). Consistent with this hypothesis, we
report that a single preceding BLA stimulus can facilitate
or depress the evoked VPMpc-PSP depending on the rel-
ative timing between stimuli. This result is related to the
recruitment of excitation (early) and inhibition (late) in the
BLA-PSP (Stone et al., 2011) and to the direct recruitment
of feedforward inhibition by BLA (Haley et al., 2016). BLA
burst stimulation further emphasizes the complex dynam-
ics of BLA-VPMpc integration and highlights a possible
role for inhibitory circuits in this process. Indeed, neurons
with a substantial inhibitory component in both VPMpc-
PSP and BLA-PSP at resting membrane potential showed
significant suppression of VPMpc-PSPs by a preceding
BLA burst. Differently, neurons whose response to either
VPMpc or BLA stimulation showed a negligible inhibitory
component at rest, a BLA burst facilitated the VPMpc-
PSP. These results unveil a synaptic model for the gener-
ation of the rich, multidimensional taste coding performed
by neurons in GC.

Integration of sensory and limbic inputs in GC
Gustatory information reaches GC via a sensory,

thalamic pathway and a limbic, amygdalar pathway.
Pioneering tracing experiments showed that, in rats,
taste thalamus targets the granular and dysgranular sub-
divisions of GC (Allen et al., 1991; Nakashima et al.,
2000), while BLA targets dysgranular and agranular
(Allen et al., 1991). These results have been interpreted
as evidence of segregation of sensory and limbic affer-
ents to GC, leading to the hypothesis that dysgranular
and agranular GC should be considered “high order”
gustatory cortices (Shi and Cassell, 1998; Sewards and
Sewards, 2001). However, single unit recordings in alert
animals did not support such a degree of functional
segregation. Indeed, GC neurons encoding chemical
identity, palatability, and responding to cross-modal
stimuli that anticipate taste (Fontanini and Katz, 2006;
Samuelsen et al., 2012; Gardner and Fontanini, 2014) are
distributed across all divisions. Multiplexing of informa-
tion could arise from polysynaptic interactions between
sensory and limbic pathways, from direct, monosynaptic
convergence or from a hybrid connectivity in which a

group of neurons acts as direct integrations, while others
are modulated via intracortical connectivity. Our data re-
veal an overlap of thalamic and amygdalar terminal fields
in GC that extends into all three divisions of GC, albeit
the density of BLA and VPMpc axons appears to show a
bias similar to what was reported in previous tracing
studies. Results from intracellular recordings also dem-
onstrated functional overlap of the inputs and unveiled
convergent monosynaptic responses onto a population
of GC neurons distributed across all three divisions, al-
beit dual responders were found most frequently at
depths associated with the dysgranular portion of GC.
Neurons responding only to VPMpc or to BLA were
also observed, supporting the possibility that the inte-
gration of these inputs follows a hybrid model consisting
of a circuit of monosynaptic integrator neurons, and an
additional channel that may rely on polysynaptic connec-
tivity. As the current understanding of GC recurrent
connectivity is rather limited, there is no sufficient infor-
mation to make any inferences regarding polysynaptic
integration. The presence of a distributed population of
neurons that directly receives VPMpc and BLA afferents,
however, suggests that in addition to neurons receiving
inputs solely from one source and potentially specializ-
ing in either sensory or affective processing, a significant
proportion of GC neurons can engage in the integration
of sensation and emotion.
Our study is not meant to be an exhaustive analysis of

the synaptic connectivity of BLA and VPMpc inputs to
GC. Given the challenging nature of intracellular record-
ings in vivo, a different experimental approach may be
more appropriate for fine scale analysis of connectivity.
However, in our experience, neurons receiving conver-
gent inputs were found often, suggesting that the func-
tional overlap of thalamic and limbic afferents is more
prominent than previously anticipated. The primary limit-
ing factor to an extensive analysis of connectivity in our
study was not the identification of neurons receiving di-
rect BLA and VPMpc input, but the high demands on the
duration and stability of intracellular recordings.

Temporal dynamics of the thalamocortical synapse
When VPMpc is electrically stimulated, GC pyramidal

cells respond with a postsynaptic depolarization with de-
lays and a reversal potential consistent with monosynap-
tic, glutamatergic excitation. Following the EPSP, 50% of
the cells showed a polysynaptic, GABAergic inhibitory
component. Whether this IPSP is generated via feedfor-
ward inhibition, as is the case with the projection of BLA
inputs to GC (Haley et al., 2016), or via a feedback mecha-
nism is not yet known. The other 50% of GC neurons
lacked an inhibitory component and responded with a
multi-synaptic depolarization following the initial EPSP,
suggesting recruitment of recurrent excitatory connectiv-
ity. The response heterogeneity suggests that VPMpc in-
puts can preferentially recruit excitation and inhibition
depending on target GC neurons and their local connec-
tivity. Whether the cell’s response profile depends on its
location in the cortical layers and/or subdivisions de-
serves future investigation.
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Effects of amygdalar inputs on processing of thalamic
inputs
The amygdala exerts a strong modulatory effect on

GC. Studies in anesthetized rodents demonstrate that
stimulation of the amygdala can increase or decrease fir-
ing rates in GC neurons (Yamamoto et al., 1984a;
Hanamori, 2009). These effects may relate to time vary-
ing synaptic potentials evoked by amygdalar stimulation
(Stone et al., 2011). In GC, excitation by BLA likely relies
on the organization of the BLA-GC circuit, in which exci-
tation is likely mediated by monosynaptic glutamatergic
amygdalar inputs onto both pyramidal and inhibitory
neurons (Haley et al., 2016), and to the suppression of
firing results from di-synaptic or multi-synaptic inhibi-
tion. Laminar differences in the synaptic organization of
amygdalar afferents in GC (Haley et al., 2016) are likely
to add further complexity to the effects of BLA
stimulation.
Recent studies in alert animals reported that inactivat-

ing BLA can substantially affect taste processing and
responses to anticipatory cues in GC (Piette et al., 2012;
Samuelsen et al., 2012). BLA inactivation does not
fully eliminate a taste-evoked response, pointing to a
modulatory role for BLA inputs onto GC neurons.
Differently, inactivation of VPMpc abolishes taste re-
sponses (Samuelsen et al., 2013), consistent with the
idea that VPMpc inputs act as drivers (Sherman and
Guillery, 1998). An additional effect reported in BLA inac-
tivation studies in awake animals is that the firing rates of
GC neurons are changed bidirectionally, an effect con-
sistent with the mixed excitatory/inhibitory action of BLA
on GC and its time varying nature. The results presented
here, further elucidate the synaptic basis of this effect.
Finally, the dynamics of BLA modulation of VPMpc re-
sponses are time-dependent and activity-dependent
with distinct effects depending on whether VPMpc-PSPs
were preceded by a single BLA stimulus or a train of BLA
stimuli. The modulation of GC neurons’ responsiveness
to VPMpc stimulation by a single preceding BLA stimu-
lus depends strongly on the temporal dynamics of exci-
tation and inhibition of the evoked BLA-PSP. The
integration of BLA and VPMpc inputs becomes more
complex if a BLA burst precedes a VPMpc stimulus. GC
neurons responding to single BLA and VPMpc stimuli
with time varying PSPs in which an early, depolarizing,
excitatory component was followed by a hyperpolariz-
ing, inhibitory component showed significant suppres-
sion of VPMpc responses following the BLA burst,
showing suppression or facilitation depending on the
magnitude of the polysynaptic inhibitory response
evoked by VPMpc and BLA stimuli. It is important to note
that 100% of the neurons we tested in these protocols
belonged to either the suppression or facilitation group;
none of the recorded neurons showed absence of BLA
modulation of VPMpc responses. Our experiments do
not identify if neurons with stronger BLA-evoked inhibi-
tion differ in their patterns of local and long-distance
connectivity. Future studies will combine tracing meth-
ods and precisely targeted recordings to identify addi-
tional sources of response differences.

Significance for palatability processing in GC
Pharmacological, lesion, and electrophysiological ex-

periments in alert rodents provide evidence of BLA’s role
in processing hedonic information in GC (Schafe et al.,
1998; Escobar and Bermúdez-Rattoni, 2000; Escobar et
al., 2002; Ferreira et al., 2005; Reilly and Bornovalova,
2005; St Andre and Reilly, 2007; Grossman et al., 2008;
Fontanini et al., 2009; Piette et al., 2012; Samuelsen et al.,
2012; Molero-Chamizo and Rivera-Urbina, 2017). Phar-
macological silencing of BLA affects taste-evoked firing
rates of GC neurons (Piette et al., 2012; Samuelsen et al.,
2012). Most neurons reduced their firing activity, but a
significant portion also increased or showed bimodal
modulations. The heterogeneity of this effect is consistent
with our results, indicating that the effect of BLA on firing
likely depends on the amount of inhibition recruited by in-
coming stimuli and by the relative timing of VPMpc and
BLA evoked activity.
The complex effects of BLA inactivation on firing rates

resulted in a dramatic reduction of palatability coding,
with marginal effects on chemosensory coding (Piette et
al., 2012), supporting a modulatory role of BLA activity on
taste responses. In addition, the role of BLA in GC palata-
bility coding extends to learning. Indeed, changes in pal-
atability rapidly affect firing rates in BLA neurons, while
their effects on taste responses in GC have relatively
small effects on the early phase of the taste-evoked re-
sponse, but significantly modulate the late phase of a
taste response (Grossman et al., 2008; Piette et al., 2012).
Modulation of taste evoked activity by BLA may thus facil-
itate a shift in palatability coding. While the timing of the
effects we report may appear, at first glance, not neces-
sarily compatible with the timing of the effects on palata-
bility coding observed in awake animals, it is important to
keep in mind that our current study focuses on subthres-
hold synaptic activity, while previous work quantified fir-
ing rates. In addition, the state of the cortical circuit, and
thus the time window for integration in anesthetized ani-
mals in this study may differ from that affecting integration
in awake subjects. While our results do not directly ad-
dress state changes nor plasticity of the BLA-GC syn-
apse, they suggest that the differential recruitment of
inhibition may provide a mechanism to selectively gate
plasticity in specific elements of the circuit. Future experi-
ments will directly address this important issue.
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