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eLife Assessment

This useful study uses in vitro electrophysiology, projection-specific chemogenetics, and
different behavioural tasks to investigate the role of Vglut1-expression in basolateral
amygdala neurons projecting to the nucleus accumbens in aspects of motivated
behaviour. Although the manuscript is clearly written, the strength of the evidence
supporting claims about the role of this pathway is incomplete. Currently, the work may
be of interest to some behavioural neuroscientists, but additional controls and further
clarification of specific analyses would strengthen their broader significance.
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Abstract
Adaptive behavior depends on the ability to form predictive associations between environmental
cues and biologically relevant outcomes. Classical models posit that projections from the
basolateral amygdala (BLA) to the nucleus accumbens (NAc) promote reward seeking, whereas
projections to the central amygdala facilitate defensive responding. However, accumulating
evidence indicates that molecular identity and inhibitory dynamics introduce additional layers of
functional heterogeneity within these pathways. Genetically defined subsets of BLA→NAc neurons
can drive either reward-related or aversive behaviors, and single-cell imaging studies show that
cue-responsive BLA ensembles undergo an inhibitory shift as conditioning progresses. How these
molecular and inhibitory mechanisms interact within defined projections to shape motivated
behavior remains unclear. To address this, we examined Vglut1-expressing BLA→NAc neurons
(Vglut1BLA→NAc), the predominant excitatory population within this pathway. Whole-cell
electrophysiology revealed that reward conditioning increases inhibitory synaptic input onto
Vglut1BLA→NAc neurons and reduces intrinsic excitability. Using a dual-recombinase chemogenetic
strategy, we found that selective inhibition of this projection enhances acquisition of a cued
reward task, increases instrumental reward seeking, and elevates reward valuation in a two-
choice preference assay. Similar enhancement was observed in a fear-discrimination task, where
inhibition of Vglut1BLA→NAc neurons improved differentiation between threat- and safety-
associated cues. These findings identify inhibitory regulation of Vglut1BLA→NAc neurons as a key
mechanism that strengthens stimulus–outcome associations. By demonstrating that conditioning-
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associated inhibitory plasticity modulates this major BLA output pathway, the work refines
prevailing models of BLA→NAc function and highlights inhibition as an important contributor to
the fidelity of motivated behavior.

1. Introduction
The ability to use environmental stimuli as predictors of food availability or potential threats is
essential for survival. Formation of such associations relies on neural mechanisms that enable
organisms to form predictive links between stimuli and outcomes [1, 2]. A central component of
these processes involves coordinated interactions between limbic and striatal systems,
particularly projections from the basolateral amygdala (BLA) to the nucleus accumbens (NAc). The
BLA integrates sensory and affective information and, through projections to the NAc (BLA→NAc),
guides motivated behavior[3-5]. Classical models have emphasized that anatomically defined BLA
projection pathways determine their functional roles in associative learning. In this framework,
BLA→NAc neurons promote reward seeking and approach behavior, consistent with findings that
excitation of this pathway enhances motivation and conditioned responding to reward-predictive
cues or actions[6-12]. In contrast, BLA→CeA neurons are proposed to facilitate defensive behaviors
and enhance fear learning[7] and have long-been thought to be required for Pavlovian fear
conditioning[13-15]. These projection-specific functions have been further interpreted as encoding
the predictive valence of environmental stimuli and associated outcomes[16-20], spanning reward
to threat, to optimize behavioral decisions. A substantial body of work supports the core features
of this projection-based organizational model.

More recent evidence, however, suggests that molecular identity introduces an additional layer of
functional specialization within defined projections[21, 22]. Studies examining genetically defined
subsets of BLA→NAc neurons demonstrate that molecularly distinct populations can exert
opposing influences on behavior. For example, activation of Rspo2-expressing BLA→NAc neurons
promotes defensive responses and suppresses reward conditioning[21], with similar findings
reported for the overlapping Fezf2-expressing population[22]. These results indicate that BLA→NAc
projections are not functionally uniform but instead comprise heterogeneous subpopulations
whose molecular profile shapes their contribution to motivated behavior. This heterogeneity
further implies that the balance of excitation and inhibition across these subpopulations is likely
critical for selecting appropriate behavioral responses across diverse environmental
contingencies.

Complementing this molecular perspective, single-cell in vivo calcium imaging studies reveal that
BLA population dynamics shift systematically during behavioral conditioning. As animals acquire
reward–predictive associations, an increasing proportion of BLA neurons become inhibited by
reward-predictive cues, whereas cue-evoked excitation remains relatively stable[23, 24]. This
inhibitory shift is stimulus-specific and recruits previously unresponsive neurons into an
“inhibitory ensemble,” suggesting that dynamic inhibitory modulation is a hallmark of later
conditioning stages once task performance stabilizes. Together, these findings point to an
emerging view in which both molecular identity and conditioning-related inhibitory dynamics
shape BLA function during motivated behavior.

Despite this growing evidence, how inhibitory signaling within molecularly defined BLA→NAc
projections contributes to motivated behavior remains poorly understood. To address this
question, we performed whole-cell electrophysiological recordings in Vglut1 (Slc17a7)-expressing
BLA→NAc neurons (Vglut1BLA→NAc), the predominant excitatory population comprising this
pathway (∼70% of BLA→NAc neurons[25]). We tested whether reward conditioning alters intrinsic
excitability and inhibitory synaptic inputs onto these neurons. Reward conditioning increased
inhibitory input and reduced excitability in Vglut1BLA→NAc neurons. To determine the behavioral
significance of this adaptation, we selectively inhibited this projection using a dual recombinase
chemogenetic strategy. Inhibition of Vglut1BLA→NAc neurons markedly enhanced acquisition of a
cued reward task, increased instrumental reward seeking, and elevated reward valuation in a
two-choice preference assay. Parallel behavioral enhancement was observed in a fear-
discrimination paradigm, where inhibition of this projection improved differentiation between

Neuroscience

https://doi.org/10.7554/eLife.110276.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/neuroscience


Mercer et al., 2026 eLife 15:RP110276.  https://doi.org/10.7554/eLife.110276.1 3 of 22

shock-predictive and safety cues. Together, these findings reveal a previously unrecognized role
for inhibitory regulation within the BLA→NAc pathway in strengthening stimulus–outcome
associations. By demonstrating that conditioning-associated increases in inhibitory signaling
modulate the dominant excitatory projection from the BLA, this work refines prevailing models of
BLA→NAc function and highlights inhibitory dynamics as a key mechanism for shaping the
fidelity of motivated behavior.

2. Materials and Methods
Animals
Vglut1-IRES2-Cre-D were obtained through Jackson Laboratories (JAX: 037512). All experiments
presented in this study were conducted according to the animal research guidelines from and
approved by the Iowa City Department of Veterans Affairs IACUC. Mouse were kept housed at
room temperature (20-22° C) with a 12-hour light/dark cycle with standard mouse chow and water
provided ad libitum, unless otherwise stated. Littermates were randomly assigned to experimental
groups. For all studies we used male and female mice 10-16 weeks of age. All the animals used in
this study were singly housed for at least two weeks before behavioral experiments. Any animals
exhibiting abnormal health status were excluded from the study.

Surgical Protocols
All surgical procedures were performed utilizing aseptic techniques, with mice anesthetized
utilizing isoflurane (2-4%) or intraperitoneal injection of ketamine hydrochloride (100 mg/kg) and
xylazine (20 mg/kg) mixture diluted in sterile saline and placed in a stereotaxic frame (Stoelting).
In case of ketamine usage, atipamezole (8 mg/kg) was used to reverse effects after surgery.
Subcutaneous injection of flunazine (10 mg/kg) was provided as postoperative care. Craniotomies
were made above the injection sites with specific coordinates for each region as follows; NAc (AP
+1.145 mm; ML ±1.25mm; DV −4.55 mm from bregma) and BLA (AP −1.38 mm; ML ±3.15mm; DV
−4.65 mm from bregma). Hamilton Neurosyringes (1 µl) were used to inject 500 nL of AAV at each
injection site at a rate of 50 nL/min. All viruses from Addgene were diluted to a 1:6 working
solution before injection. After injection, the syringe remained at the site for a minimum of five
minutes to allow for absorption into the tissue.

Electrophysiology Recordings
For electrophysiological recordings, a cre-dependent retrogradely transported AAVrg-hSyn-DIO-
eGFP was injected into the NAc of Vglut1-Cre mice (∼8 weeks old), and GFP labeled BLA neurons
were recorded from. We adapted a protocol for slice preparation (Ting et al., 2018[26]). Sacrificed
mice brains were submerged in a cold NMDG-HEPES aCSF cutting solution (in mM): 92 NMDG, 2.5
KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 5 Na-Ascorbate, 2 Thiourea, 3 Na-Pyruvate,
10 MgSO4·7H2O, and 0.5 CaCl2·2H2O (pH 7.3-7.4 with HCl; 300-310 mOsm). 300 μm thick-brain slices
from BLA region were obtained by using vibratome in 95% O2 / 5% CO2 aerated chilled cutting
solution. Every slice was transferred to the NMDG-HEPES aCSF solution at 37 °C, and 50 µM NaCl
solution was gradually dropped into the aCSF over 5 min. A couple of minutes after the last NaCl
addition, BLA slices were transferred to a 95% O2 / 5% CO2 aerated holding solution at 25 °C
containing (in mM): 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 5 Na-
Ascorbate, 2 Thiourea, 3 Na-Pyruvate, 2 MgSO4·7H2O, and 2 CaCl2·2H2O (pH 7.3-7.4; 300-310
mOsm). After the incubation period (at least 45 minutes), brain sections were placed in a recording
chamber perfused with an aCSF solution containing (in mM): 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 24
NaHCO3, 5 HEPES, 12.5 Glucose, 2 MgSO4·7H2O, and 2 CaCl2·2H2O (pH 7.3-7.4; 300-310 mOsm).

Loose seal and whole cell recordings were obtained from NAc-projecting BLA neurons in naive
and conditioned Vglut1-Cre mice. In voltage clamp mode of whole recordings, spontaneous
inhibitory post synaptic currents (sIPSC) were recorded under 10 µM CNQX and 50 µM AP5 (no
PTX) with a CsCl internal solution containing (in mM): 125 CsCl, 5 NaCl, 10 HEPES, 0.6 EGTA, 10
Lidocaine Ethyl Bromide (QX-316), 4 Mg-ATP, and 0.4 Na2-GTP (pH with KOH to 7.3-7.4; 285-295
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Key resources table.
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Key resources table.  (continued)
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mOsm). In current clamp mode, whole cell recordings were obtained under synaptic blockers (10
µM CNQX, 50 µM AP5, and 50 µM PTX) with a K+ Gluconate internal solution containing (in mM):
130 K+ D-Gluconate, 4 KCl, 10 HEPES, 0.3 EGTA, 10 Na2Phosphocreatine, 4 Mg-ATP, and 0.4 Na2-GTP
(pH with KOH to 7.3-7.4; 285-295 mOsm). From these recordings, resting membrane potential after
immediately breaking into the cell (Vm) was obtained. Currents were injected in 30 pA steps (0 to
120 pA), and 1st spike latency and number of action potentials were determined.

Analysis and data collection were performed with MultiClamp 700B Amplifier (Molecular Devices,
San Jose, CA) and Axon pCLAMP 11.2.2 software (Molecular Devices, San Jose, CA).

Immunofluorescence
For immunohistochemistry brains were collected and fixed for 24 h in 4% paraformaldehyde
(PFA) and transferred to 30% sucrose for at least 48 h and until sinking. Brains were cryoprotected
in Tissue-Tek optimal cooling temperature (OCT) compound for sectioning and cooled to a
temperature of −20°C for sectioning. 40 μm coronal sections were cut using a cryostat. Brain
sections were washed and permeabilized with PBST (0.4% Triton X-100 in PBS) over 15 min and
incubated with blocking solution (5% normal goat serum in PBST) for 1 h at room temperature.
Sections were incubated with rabbit α-mCherry or goat α-GFP polyclonal antibodies described in
the key resources table overnight at 4°C. The following day slices were washed in PBST over 15
min and incubated in the AlexaFluor555-fluorescently-conjugated donkey α-rabbit secondary
(1:500, Invitrogen) at RT for 1 h. Sections were mounted on slides with Vectashield Antifade
Mounting Media with DAPI (Vector Laboratories). Slices were imaged using an Olympus Slideview
VS200 slide scanning microscope.

Behavioral Experiments
Behavioral hardware/software
Liquid reward tasks were conducted using MicroPython controlled behavioral boxes
(pyControl[27]) with custom Python scripts written for each behavioral task. pyControl boxes
contained 3 liquid delivery reward ports each with IR sensors for detecting port entry/exit,
programmable LEDs for visual stimuli presentation, a programable speaker for presentation of
auditory stimuli, and programmable solenoids for controlled liquid delivery. Functionality of each
PyControl behavioral system was confirmed before each experimental trial. Data acquired from
pyControls were analyzed using custom Python scripts to quantify reward port entries and reward
port entry dynamics.

Fear conditioning was conducted in a Med Associates NIR Video Fear conditioning system and
analyzed with the Video Freeze software from Med Associates. Researchers were blinded to the
experimental conditions during behavioral analysis.

DREADD Agonist 21 (C21) administration
Mice were habituated to handling and scruffing for 3 days prior to initiation of DREADD agonist 21
delivery (C21, Tocris Biosciences, 0.3 mg/kg). Mice were fasted and water-restricted the night
before experiments. Intraperitoneal injections of C21, were performed 15 minutes before
initiation of behavioral conditioning sessions.

Cued-reward conditioning
Cued reward conditioning consisted of paired visual (LED within the reward port) and auditory
cues predicting delivery of 10 µl of 10% sucrose. Trials were presented every 15 seconds over a 45-
min session, yielding 72 cue–reward pairings. Reward-port entries were detected via infrared
beam breaks. Entries occurring within 5 seconds following sucrose delivery were classified as
cued reward responses.
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Instrumental conditioning
Instrumental conditioning trials required mice to initiate each trial by nose-poking into the center
reward port. Trial initiation triggered illumination of the left reward port, followed by delivery of
10 µl of liquid sucrose into the left reward port. Reward-port entries were detected via infrared
beam breaks. Entries into the reward port within 5 seconds following initiation port entry were
classified as instrumental responses.

Reward valuation
Reward valuation was structured such that either 10% sucrose flavored with 0.9 g/L of cherry
flavored Kool-aid powder or 5% sucrose with 0.39 g/L of grape flavored Kool-aid powder were
dissolved in tap water. On the first day of the experiment mice received IP saline injection (10 µl/g
body weight) and were allowed access to both solutions. On days 2 and 3 mice received C21 (0.3
mg/kg) 15 minutes prior to the sessions and were only allowed access to the 5% grape flavored
solution. On day 4 mice were again injected with saline prior to the session and allowed access to
both solutions. Reward-port entries were detected via infrared beam breaks.

Reversal learning
Reversal learning experiments were similar to reward valuation experiments in that mice were
provided access to both a cherry flavored 10% sucrose solution and a grape flavored 5% sucrose
solution. However, in this experiment mice received C21 and access to both solutions throughout
the experiment. After three days of conditioning the position of the rewards were switched and
assessed for three more days. Reward-port entries were detected via infrared beam breaks.

Statistics
Sample sizes for experiments were determined based on sample sizes used in similar experiments
reported previously in the literature. Statistical analysis was conducted using GraphPad Prism
software in which distribution of the data was analyzed to determine the appropriate statistical
test to be applied. The statistical test used for each comparison is described in the figure legends
corresponding to the specific figure. Data are presented as the mean ± SEM unless otherwise noted
with p < 0.05 being the cut-off for a result to be considered significant. ‘‘n’’ corresponds to the
number of individual mice or neurons analyzed as indicated.

3. Results
3.1. Cued reward conditioning increases inhibitory synaptic input

onto Vglut1+ BLA→NAc neurons
To assess whether reward conditioning (Fig. 1A-D     ) alters synaptic inhibition of Vglut1BLA→NAc

neurons, we injected a Cre-dependent retrograde viral reporter (AAVrg-hSyn-DIO-eGFP) into the
NAc of Vglut1-Cre mice to selectively label Vglut1+ neurons projecting to the NAc (Fig. 1E     ).
Whole-cell recordings were performed from labeled neurons in the BLA in acute brain slices from
naïve and reward–conditioned mice. Conditioned mice exhibited a significant increase in both the
amplitude (Fig. 1G     ) and frequency (Fig. 1H     ) of spontaneous inhibitory postsynaptic currents
(sIPSCs), consistent with enhanced inhibitory synaptic input onto Vglut1BLA→NAc neurons.
Additionally, resting membrane potential was significantly more hyperpolarized in conditioned
neurons compared to naïve controls (Fig. 1I     ), suggesting a shift in intrinsic excitability. Although
spontaneous firing rate showed a trend toward reduction (p = 0.0529; Fig. 1F     ), Vglut1BLA→NAc

neurons in reward conditioned mice displayed delayed spike initiation (Fig. 1J     ) and a reduced
number of action potentials in response to current injection (Fig. 1K     ) relative to naïve mice,
indicating a functional suppression of excitability of Vglut1BLA→NAc neurons associated with
reward conditioning. Together, these findings demonstrate that Vglut1BLA→NAc neurons undergo
inhibitory remodeling with sustained reward conditioning, characterized by increased synaptic
inhibition, membrane hyperpolarization, and reduced excitability.
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Figure 1. Reward conditioning increases inhibitory input onto Vglut1BLA→NAc neurons.
(A) Schematic of the cued sucrose conditioning task. A compound cue (tone and LED) predicts delivery of 10% sucrose to the
center reward port 2 seconds after cue onset, followed by a 5 second consumption period, with an intertrial interval (ITI) of 10
seconds. (B) Average percentage of trials with a cued response (reward port entry within 7 seconds following cue
presentation) across 5 training sessions (n = 6 mice). (C) Average latency to initiate a cued response across 5 training sessions
from the same mice in B. (D) Average time-resolved z-scored probability of port entry aligned to cue onset across training
sessions from the same mice in B. (E) Schematic of experimental design for fluorescently labeling BLA→NAcVglut1 neurons
using a retrograde AAV expressing Cre-dependent eGFP in Vglut1-Cre mice. (F) Average spontaneous action potential firing
frequency of identified Vglut1BLA→NAc neurons in naïve control mice and reward conditioned mice (n = 15 cells/group from 3
mice/group; p =0.0529, unpaired two-tailed t test). (G) Average spontaneous inhibitory post-synaptic current (sIPSC)
amplitude in Vglut1BLA→NAc neurons in naïve and conditioned mice (n = 15 cells/group from 3 mice/group; ****=p < 0.0001,
unpaired two-tailed t test). (H) Average sIPSC frequency in Vglut1BLA→NAc neurons in in naïve and conditioned mice (n = 15
cells/group from 3 mice/group; ****=p < 0.0001, unpaired two-tailed t test). (I) Average resting membrane potential (Vm) of
Vglut1BLA→NAc neurons in naïve and conditioned mice (n = 20-24 cells/group from 3 mice/group ****=p < 0.0001, unpaired
two-tailed t test). (J) Average first spike latency in response to current injection in Vglut1BLA→NAc neurons in naïve and
conditioned mice (n = 20-24 cells/group from 3 mice/group; *=p < 0.05, two-way ANOVA w/ Holm-Sidak’s multiple
comparisons test). (K) Average number of evoked action potentials in response to current injection in Vglut1BLA→NAc neurons
in naïve and conditioned mice (n = 20-24 cells/group from 3 mice/group; *=p < 0.05, two-way ANOVA w/ Holm-Sidak’s
multiple comparisons test).
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3.2. Chemogenetic inhibition of Vglut1BLA→NAc neurons enhances
cued and instrumental reward responding
To investigate the behavioral consequences of inhibiting Vglut1BLA→NAc neurons during reward
conditioning, we used a dual-recombinase approach to enable specific chemogenetic inhibition of
this population (Fig. 2A–D     ) during cued reward conditioning (Fig. 2E     ). Inhibition of
Vglut1BLA→NAc neurons markedly enhanced the acquisition of cue-evoked reward port entries and
sustained this elevated performance across training sessions (Fig. 2F     ) relative to control mice
(mice receiving C21 in the absence of AAVrg-DIO-Flp expression). Control mice gradually reached
similar performance by later sessions, but inhibition of Vglut1BLA→NAc neurons accelerated the
development of cue-evoked responding and shifted the timing of port entries toward anticipatory
responses as training progressed (Fig. 2G-I     ). To test whether this effect extended to action–
outcome conditioning, mice were trained in an operant task requiring a nose poke to initiate
reward delivery (Fig. 3A     ). Across training, inhibition of this projection significantly enhanced
both initiation and reward port entries relative to controls (Fig. 3B,C     ), indicating increased task
engagement. Reward port entry probability analyses revealed that inhibition strengthened the
temporal association between initiation and reward consumption while also enhancing sustained
reward-seeking across trials (Fig. 3D-F     ). Together, these findings indicate that suppression of
Vglut1BLA→NAc activity enhances both Pavlovian and instrumental components of reward
conditioning, facilitating accelerated cue engagement and promoting sustained goal-directed
actions.

3.3. Inhibition of Vglut1BLA→NAc neurons enhances reward port
entry without altering discrimination or reversal learning
performance
To distinguish whether inhibition of Vglut1BLA→NAc neurons enhances reward-directed behavior
through increased motivation or altered learning, we used a two-choice preference task in which
mice received simultaneous cued access to cherry-flavored 10% sucrose and grape-flavored 5%
sucrose delivered in separate ports with an acquisition and reversal phase. During acquisition,
both experimental groups showed progressive increases in preference for the cherry-flavored 10%
sucrose solution as expected (Fig. 4A     ). However, inhibition of Vglut1BLA→NAc neurons increased
combined reward port entries relative to control mice (Fig. 4B     ). During the reversal phase in
which the positions of the rewards were switched both experimental groups adapted similarly
(Fig. 4C     ), indicating preserved behavioral flexibility. This generalized elevation in reward port
entries, coupled with intact acquisition and reversal performance, suggests that inhibition of
Vglut1BLA→NAc neurons increases overall reward-seeking activity, in concordance with our
previous experiments, rather than altering discrimination or reversal learning processes.

3.4. Inhibition of Vglut1BLA→NAc neurons biases reward valuation
toward a previously less-preferred option
To determine whether the motivational effects observed with inhibition of Vglut1BLA→NAc neurons
could reflect altered salience assignment, we used a two-choice taste preference task in which the
initially less-preferred option was paired with chemogenetic inhibition (Fig. 5A     ). On day 1, mice
were given simultaneous access to a cherry-flavored 10% sucrose solution and a grape-flavored
5% sucrose solution presented in separate ports in the absence of chemogenetic inhibition. On
days 2–3, only the grape solution was available, and its consumption was paired with
chemogenetic inhibition of Vglut1BLA→NAc neurons. On day 4, mice were again given simultaneous
access to both solutions in the absence of chemogenetic inhibition. As expected, both groups
displayed a similar preference for cherry over grape on day 1 (Fig. 5B-F     ). On day 4, control mice
maintained this preference for cherry, whereas mice in which Vglut1BLA→NAc neurons were
inhibited exhibited an increased preference for the grape flavored solution relative to control
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Figure 2. Chemogenetic inhibition of Vglut1BLA→NAc neurons enhances cued sucrose responding and cue-
evoked approach behavior.
(A) Schematic illustrating the viral strategy used to selectively target Vglut1-expressing BLA→NAc projection neurons for
chemogenetic inhibition. Vglut1-Cre mice received retrograde AAVrg-DIO-Flp (or control virus, AAVrg-DIO-EGFP) in the
nucleus accumbens (NAc) and a Flp-dependent AAV-fDIO-hSyn-hM4Di-mCherry in the basolateral amygdala (BLA), restricting
hM4Di expression to Vglut1BLA→NAc projection neurons (Vglut1-hM4DiBLA→NAc). (B) Representative coronal brain section
showing mCherry-labeled hM4Di expression in the BLA of Vglut1-Cre using the approach described in (A). (C) Representative
whole-cell current-clamp recordings from hM4Di-expressing BLA neurons showing spontaneous firing before and after bath
application of the DREADD agonist Compound 21 (C21). (D) Quantification of firing frequency before (Pre) and after (Post)
C21 application in hM4Di-expressing BLA neurons (**p<0.01, paired one-tailed t test; n = 8 cells from 2 mice). (E) Schematic of
the cued sucrose conditioning task. An auditory cue (2 seconds) predicted delivery of 10% sucrose (5 seconds), followed by an
inter-trial interval (ITI; 10 seconds). (F) Percentage of trials with a cued response across five training sessions for control mice
(black) and Vglut1-hM4DiBLA→NAc mice (pink), (**p<0.01, two-way ANOVA with Holm–Sidak’s multiple comparisons; n = 8–11
mice/group). (G–I) Average time-resolved Z-scored probability of port entry aligned to cue onset for control (black/gray) and
Vglut1-hM4DiBLA→NAc (pink) mice on training day 1 (G), day 3 (H), and day 5 (I), (**p<0.01, two-way ANOVA with Holm–
Sidak’s multiple comparisons). Shaded areas indicate mean ± SEM.
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Figure 3. Chemogenetic inhibition of Vglut1BLA→NAc neurons enhances instrumental reward responding.
(A) Schematic illustrating the self-paced sucrose reward task. In the behavioral task, mice initiated trials via an initiation port,
triggering a brief cue (2 seconds) followed by delivery of 10% sucrose (5 seconds) and an inter-trial interval (ITI, defined by
next initiation port entry). (B) Mean number of initiation port entries across five training sessions for control mice (black) and
Vglut1-hM4DiBLA→NAc mice (pink), (*p<0.05, two-way ANOVA with Holm– Sidak’s multiple comparisons; n = 8–11 mice/group).
(C) Mean number of reward port entries across training sessions from the same mice shown in B, (*p<0.05, two-way ANOVA
with Holm–Sidak’s multiple comparisons). (D–F) Average time-resolved Z-scored probability of reward port entry aligned to
the initiation poke for control (black) and Vglut1-hM4DiBLA→NAc (pink) mice on training day 1 (D), day 3 (E), and day 5 (F).
Shaded regions indicate mean ± SEM.

Figure 4. Chemogenetic inhibition of Vglut1BLA→NAc neurons enhances reward port entry without altering
discrimination or reversal learning performance.

(A) Mean number of reward port entries for cherry-flavored 10% sucrose and grape-flavored 5% sucrose across training
sessions in control and Vglut1-hM4DiBLA→NAc mice. The dotted line indicates the reversal session, after which the location of
the solutions were switched. (B) Combined reward port entries (collapsed across flavors) across training sessions for control
(black) and Vglut1-hM4DiBLA→NAc mice (pink), (*p<0.05, n=6-10 mice/group). (C) Cherry taste preference index across
training sessions for control and Vglut1-hM4DiBLA→NAc mice, calculated as the normalized difference in reward port entries
between cherry- and grape-flavored solutions. Data are shown as mean ± SEM.
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mice and on average displayed a similar preference for grape and cherry flavored solutions (Fig.
5G-K     ). These findings indicate that pairing inhibition of Vglut1BLA→NAc neurons with the less-
preferred grape solution attenuated the initial preference modifying the relative salience assigned
to the two reward choices.

3.5. Inhibition of Vglut1BLA→NAc neurons enhances auditory fear
discrimination
Given our results in the reward associated tasks suggesting inhibition of Vglut1BLA→NAc neurons
enhanced cued and instrumental reward acquisition likely through influencing salience
assignment we wanted to determine whether these neurons exerted effects on salience
assignment under aversive conditioning paradigms. To do so, we next examined inhibition of
Vglut1BLA→NAc neurons during discriminative cued fear conditioning. Briefly, during the
conditioning day mice were exposed to two auditory cues one which predicted the delivery of a
foot shock (CS+) and one which predicted the absence of a foot shock (CS-) (Fig. 6A     ). While
inhibition of Vglut1BLA→NAc neurons decreased overall freezing (Fig. 1B,C     ) we observed that the
reduction in freezing was largely associated with the CS- while no statistical difference was
observed between the experimental groups when assessing the freezing in response to the CS+(Fig.
6D     ). Quantification of the animal’s ability to distinguish between the two cues (Discrimination
Index, ((CS+-CS--)/(CS++CS-))) suggests inhibition of Vglut1BLA→NAc neurons during fear
conditioning enhanced discrimination between the CS+ and CS− cues (Fig. 6E     ). Thus, inhibition
of this specific subpopulation promotes more precise cue–outcome mapping across motivational
contexts, suggesting a shared mechanism through which conditioning associated inhibition
sharpens associative salience in both appetitive and aversive domains.

4. Discussion
Overall, our findings highlight a relatively underappreciated role for conditioning-associated
inhibitory modulation of Vglut1BLA→NAc neurons in shaping salience assignment to environmental
stimuli during both appetitive and aversive conditioning. These results refine prevailing models of
BLA→NAc function, which have largely emphasized how excitation of, or increased excitatory
input onto, this projection facilitates appetitive and reward seeking behaviors. By demonstrating
that inhibitory dynamics within a molecularly defined subset of BLA→NAc neurons are enhanced
with conditioning and exert measurable behavioral consequences, our work adds mechanistic
depth to the broader literature.

Supportive of our findings previous work has similarly observed that chemogenetic inhibition of
BLA→NAc projecting neurons at-large enhances instrumental responding for sucrose reward[28].
Additionally, cholinergic suppression of BLA activity has also been reported to be sufficient to
promote conditioned reward responding[29] however, whether this is mediated through BLA→NAc
projecting neurons or another projection defined population remains unresolved. However, there
is a large body of previous literature suggesting excitation of BLA→NAc neurons promotes reward
seeking behaviors which is somewhat at odds with our observations in the present work. It is
important to note that within the BLA and NAc spatial subdivisions may play an important role in
determining behavioral outcomes and therefore some of the apparent discrepancies may be due
to differential targeting of BLA or NAc subregions which likely have diverse functional
contributions to motivated behavior.

Regarding synaptic plasticity within the BLA during reward conditioning previous studies
reported an increased AMPA/NMDA ratio in BLA→NAc neurons following reward conditioning,
consistent with elevated excitatory drive[7]. However, those measurements were obtained after a
single conditioning session and did not directly examine changes in intrinsic excitability or
quantify inhibitory inputs, leaving open the question of how excitation-inhibition balance evolves
as learning progresses. In contrast, our findings, obtained after multiple conditioning sessions,
directly demonstrate enhanced increased inhibitory input and reduced excitability of
Vglut1BLA→NAc neurons. A potential synthesis of these observations is that conditioning promotes
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Figure 5. Chemogenetic inhibition of Vglut1BLA→NAc neurons biases reward valuation toward a previously
less-preferred option.
(A) Schematic of the behavioral timeline. On Day 1, mice were given free access to two flavored sucrose solutions (5% sucrose
with grape flavor vs. 10% sucrose with cherry flavor) to assess baseline preference following saline injection. On Days 2 and 3,
mice received the DREADD agonist C21 (0.1 mg/kg, i.p.) prior to exposure to only the 5% sucrose grape solution. On Day 4,
mice again received saline and were given free access to both sucrose solutions to assess preference following conditioning.
(B–C) Average cumulative reward port entries over time (B) and total reward port entries (C) on Day 1 in saline-treated
control mice (n = 8 mice; ***p < 0.001, unpaired one-tailed t test). (D–E) Average cumulative reward port entries (D) and total
reward port entries (E) on Day 1 in Vglut1-hM4DiBLA→NAc mice (n = 11 mice; ***p < 0.001, unpaired one-tailed t test). (F)
Cherry preference index on Day 1 in control mice and Vglut1-hM4DiBLA→NAc mice (ns, unpaired one-tailed t test). (G–H)
Average cumulative reward port entries (G) and total reward port entries (H) on Day 4 in control mice (n = 8 mice; ***p <
0.001, unpaired one-tailed t test). (I–J) Average cumulative reward port entries (I) and total reward port entries (J) on Day 4
Vglut1-hM4DiBLA→NAc mice (n = 11 mice; unpaired one-tailed t test). (K) Grape preference index on Day 4 in control mice and
Vglut1-hM4DiBLA→NAc mice (*p < 0.05). Individual data points represent individual mice. Data are shown as mean ± SEM.
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Figure 6. Chemogenetic inhibition of Vglut1BLA→NAc neurons enhances auditory fear discrimination.
(A) Schematic of the discriminative auditory fear conditioning and recall paradigm. Mice received the DREADD agonist
Compound 21 (C21; 0.3 mg/kg, i.p.) 15 min prior to conditioning. During conditioning, mice were exposed to two auditory
cues: a white noise (CS−, 60 dB) and a 5 kHz tone (CS+, 90 dB) paired with footshock. Twenty-four hours later, freezing
behavior was assessed during presentation of CS− and CS+ in a distinct context. (B) Time-resolved freezing behavior during
fear recall for control mice (black) and Vglut1-hM4DiBLA→NAc mice (pink). Shaded bars indicate cue presentation epochs (grey
= CS-, pink = CS+). (C) Total freezing time during the recall session collapsed across cue presentations, showing reduced
freezing in mice with chemogenetic inhibition of Vglut1BLA→NAc neurons relative to controls (*p < 0.05, unpaired two-tailed t-
test). (D) Mean freezing time during baseline, CS−, and CS+ periods for control and Vglut1-hM4DiBLA→NAc mice, (*p < 0.05, 2-
way ANOVA w/ Dunnett’s multiple comparisons test). (E) Discrimination index [(CS+ − CS−)/(CS+ + CS−)] for control and
hM4Di-BLA→NAc^Vglut1 mice, indicating enhanced discriminative fear expression in Vglut1-hM4DiBLA→NAc mice (*p < 0.05,
unpaired one-tailed t-test). Individual data points represent individual mice. Data are shown as mean ± SEM.
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a temporal progression in synaptic regulation. Specifically, excitatory signaling may predominate
early in conditioning driving appetitive behavior to support encoding of stimulus–outcome
associations, whereas inhibitory signaling may emerge with continued conditioning to refine
salience assignment, behavioral selection, and enhance precision as associations consolidate. In
vivo single cell calcium imaging studies support conceptual framework demonstrating that as
conditioning progresses the proportion of neurons in the BLA exhibiting inhibitory responses to
stimuli predicting reward delivery increases[23, 24].

However, in vivo electrophysiology specifically targeting BLA→NAc neurons following multiple
conditioning sessions suggests a slightly different profile. Within BLA→NAc neurons a smaller
proportion of neurons appear inhibited in response to reward predictive stimuli relative to those
excited[17]. These results imply that increases in conditioning-associated inhibitory signaling
observed in the BLA at-large may not be uniformly represented within BLA→NAc neurons. Our
findings, which demonstrate a largely uniform increase in inhibitory regulation of Vglut1BLA→NAc

neurons, appears at odds with the prior projection-wide in vivo electrophysiology recordings. A
key distinction is that our work specifically targeted Vglut1BLA→NAc neurons as opposed to
BLA→NAc neurons at-large. Moreover, we did not directly investigate cue-responsiveness, but
rather general excitability of Vglut1BLA→NAc neurons however, this will be an emphasis of our
future studies. Potentially, both mechanisms are involved to further fine-tune behavioral
responses.

Although Vglut1BLA→NAc neurons appear to comprise the majority of glutamatergic BLA→NAc
neurons[25] a non-trivial percentage of BLA→NAc neurons are apparently GABAergic (∼30%[25])
with their role in motivated behaviors less well-defined. These observations strongly suggest the
existence of functionally heterogenous subpopulations within BLA→NAc neurons with considered
with additional evidence suggesting BLA→NAc projections defined by Rspo2 and Fezf2 expression
contribute to defensive responses and aversive conditioning processes[21, 22]. Together, these
findings underscore the need to move toward an integrated, molecularly and anatomically
resolved framework for understanding how BLA circuits guide motivated behavior.

In summary, this work identifies Vglut1BLA→NAc neurons as a molecularly distinct population
whose inhibition modifies motivated behavior revealing an unexpected role for suppression
within a classically excitatory projection. These results add to existing models of BLA→NAc
function by demonstrating that inhibitory modulation within defined subpopulations fine-tunes
motivated behavior likely through influencing salience assignment to environmental stimuli.
From a translational perspective, these findings provide insight into mechanisms underlying
maladaptive salience attribution in neuropsychiatric disorders[30]. Dysregulated inhibitory
balance within the BLA→NAc circuit could disrupt salience assignment, as seen in anxiety and
post-traumatic stress disorder, as well as addiction and obesity. By identifying an inhibitory
mechanism that enhances associative precision and motivational focus, this work provides a
framework for developing targeted interventions to modify salience processing in disorders of
emotion and motivation.
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Supplementary Figure 1. Reward conditioning is associated with altered intrinsic membrane properties of
BLA→NAc neurons. (A) Input resistance measured in Vglut1BLA→NAc projection neurons from naïve (blue) and
reward-conditioned (pink) mice, (*p < 0.05, unpaired t test). (B) Current–voltage (I–V) relationship obtained under
current-clamp conditions from Vglut1BLA→NAc projection neurons in naïve and conditioned mice. (C) Voltage–
current relationship measured under voltage-clamp conditions from the same populations of neurons. Each point
represents an individual recorded neuron from 3 mice/group. Error bars indicate mean ± SEM.
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behavioral tasks. The goal was to test whether suppressing the activity of Vglut1-expressing
neurons would alter reward learning, valuation, and fear discrimination.

Strengths:

(1) The combination of electrophysical and behavioral assessments to dissect the function of
Vglut1-expressing BLA→NAc neurons.

(2) The various behavioral assessments employed to determine the effect of silencing Vglut1-
expressing BLA→NAc neurons.

Weaknesses:

(1) The introduction underscores the importance of molecular identity and population
dynamics when studying the function of BLA→NAc neurons. Yet, the experiments and
manuscript provide little to no information about the Slc17a7-expressing population under
study. In fact, there is no evidence that the viral manipulations targeted this neuronal
population (e.g., extent and specificity of viral transduction). Regarding population dynamics,
evidence is meant to be provided by Experiment 1, but the results are difficult to interpret.
The control mice were not exposed to the conditioning chambers, stimuli, or food rewards.
These exposures may have been sufficient to produce the changes observed in the
experimental mice (i.e., they may have had nothing to do with cue-reward learning). Further,
the experiments provide no evidence that the observed effects result from prolonged
conditioning, since there is no group receiving a single conditioning session.

(2) The dual-recombinase approach employed does not permit conclusions about the
BLA→NAc pathway specifically, because the effects of silencing NAc-projecting BLA neurons
could be driven by modulation of activity in other brain regions innervated by these same
neurons through collateral projections. This limitation must be clearly acknowledged by the
authors, and the manuscript should refrain from making definitive claims about the
BLA→NAc pathway per se.

(3) The experimental parameters and measures used for cued-reward conditioning
complicate any firm conclusions about the observed effects. The use of a 2-second cue
provides a minimal temporal window to monitor cue-related behavior. This issue is masked
in the data presented because what is labeled as "cued responses" includes responses that
occur after the cue has terminated and overlap with those triggered by sucrose delivery itself.
These post-cue responses cannot be classified as cue-reward responses since the cue is no
longer present; they are reward-related responses. Perhaps the z-score calculation addresses
this issue, but this is difficult to assess since the authors do not explain how this calculation
was performed or what baseline period was used.

(4) Throughout the manuscript, there is conceptual confusion regarding the fundamental
distinction between Pavlovian (cue-outcome) and instrumental (action-outcome) responses. It
is unclear why the authors aimed to study both types of conditioning, but greater caution is
necessary when interpreting the findings labeled as "instrumental conditioning." First, no
evidence is provided that initiation port entries constitute an instrumental or goal-directed
response rather than a Pavlovian approach behavior. Second, many of the conclusions are
based on analyzing reward port entries-a Pavlovian conditioned response identical to that
measured in the cued-reward conditioning task. This conflation undermines claims about
instrumental learning.

(5) The data from the reward valuation and reversal learning experiments are difficult to
interpret. The animals are not tested under extinction conditions (with the flavors present
but without reward delivery), making it impossible to establish whether their behavior relies
on learned associations or ongoing reinforcement. Further, the behavior generated by these
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procedures appears unreliable, with substantial inconsistencies across figures (compare
Figure 4A with Figures 5B, C, G, H).

(6) The results from the auditory fear discrimination procedure are also difficult to interpret.
No conditioning data are presented, and the "enhanced discrimination" could simply reflect
reduced overall responding to the CS-. It is not clear how this selective impact on the CS- fits
with the authors' conclusions about enhanced associative salience (noting that the meaning
of the latter remains obscure).

(7) The manuscript contains several statements about behavioral outcomes that are not
supported by statistical evidence. The list provided here is non-exhaustive, and the authors
should carefully correct any conclusions that lack statistical support.

a) Line 294 (Figure 2F): the control mice gradually reached a similar performance to the
experimental mice.

b) Lines 301-303 (Figures 3D-F): inhibition strengthened the temporal association between
initiation and reward consumption.

c) Lines 337-339 (Figure 4A): both groups increased their preference for 10% sucrose.

(8) The manuscript suffers from a lack of clarity and/or transparency about experimental
parameters and data. Clarifications about the following would be necessary for the reader to
confidently interpret the findings.

a) Number of animals of each sex in each group.

b) Number of animals excluded and justification.

c) Analysis of sex differences.

d) A clarification on the control group used in the electrophysiological experiment.

e) Whether the same animals progress through multiple behavioral paradigms or if separate
cohorts are used.

f) All protocols should be described in the methods section.

Without clarifying the points made above, a reliable and fair assessment of the discussion is
impossible.

https://doi.org/10.7554/eLife.110276.1.sa2

Reviewer #2 (Public review):

Summary:

This study by Mercer et al. focused on Vglut1 neurons in the BLA that project to the NAc. They
characterized reward conditioning-induced electrophysiological changes in these neurons,
including a decrease in membrane excitability and an increase in inhibitory synaptic inputs
onto them, and showed the consequences of reducing their activity in enhancing reward-
seeking behaviors. Considering that Vglut1 neurons represent the majority of the BLA→NAc
projecting neurons, the findings are important for potentially correcting some of the previous
biases in understanding the role of BLA-to-NAc projection in reward processing, for example,
the notion that this projection generally promotes reward seeking by conveying reward-
associated cue information.

Strengths:
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The paper is clearly written, with results strongly supporting the main conclusions for the
most part.

There are a few weaknesses noted. For example:

(1) They used a retrograde recombinase strategy to drive DREADD expression in these cells;
however, it is not known if they project exclusively to NAc or to other brain regions as well,
and whether those other potential regions may mediate the DREADDs (Gi) effects on reward
seeking. They also did not show which subregions of the NAc were innervated by these
neurons.

(2) They did not assess potential changes in excitatory synaptic transmission onto these cells
after reward conditioning, which leaves a gap in concluding a shift toward inhibition.

(3) They also did not report on whether the inhibition was specific to Vglut1 neurons.

(4) Some statistics appear missing (Figure 3D-F), not optimal (Figure 5CEF and HJK using
separate t-tests rather than repeated measure ANOVA), not clear (Figure 2I on peak timing or
port entry), or has low n number (Figure 1 Ephys, animal-based manipulations).

(5) They did not clarify why they used two different doses of the DREADDs ligand Compound
21 at 0.1 or 0.3 mg/kg for different experiments.

https://doi.org/10.7554/eLife.110276.1.sa1

Reviewer #3 (Public review):

Summary:

This study by Mercer et al. investigates how inhibitory modulation of basolateral amygdala
neurons expressing Vglut1 and projecting to the nucleus accumbens (Vglut1BLA→NAc)
influences motivated behavior in both appetitive and aversive tasks. Using a combination of
whole-cell electrophysiology, chemogenetic inhibition and behavioral tests, the authors
demonstrate that (1) reward conditioning increases inhibitory synaptic input and reduces
intrinsic excitability of Vglut1BLA→NAc neurons, (2) chemogenetic inhibition of these
neurons enhances the number of conditioned approaches in a Pavlovian task and the
number of nosepoke responses in an instrumental task, elevates reward valuation, and
increases fear discrimination and (3) these effects are linked to salience assignment and
associative strength, rather than altered learning or reversal flexibility. The work challenges
the classical excitatory function usually reported about the BLA projection to the NAc and
highlights an interesting and thought-provoking result. Nevertheless, the study does not
address the potential effect of their manipulation on motoric impulsivity, nor did they
provide a theoretical framework explaining this unorthodox yet interesting effect.

Strengths:

The study establishes the initial finding with a correlational approach that informs a causal
study. They find convincingly that Pavlovian conditioning induces an increase in inhibitory
inputs onto Vglut1BLA→NAc neurons that leads to reduced excitability. Causality is studied
using a powerful dual recombinase chemogenetic strategy to selectively inhibit this
population of Vglut1BLA→NAc neurons and determine the effect on different behavioral
tasks. The use of different tasks provides convergence on their effect. This surprising finding
provokes interest and will stimulate further investigation into the mechanisms underlying
these effects.

Weaknesses:

Neuroscience
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Several important aspects of the evidence remain incomplete.

(1) First, an important aspect of the underlying processes at play remains to be investigated.
In all behavioral tasks, the authors find that their manipulation increases responding that
they interpret as a facilitation of learning. However, none of the appetitive tasks include a
control stimulus that could address the specificity of their effect. Given that on the Pavlovian
task, responding to the CS is almost 100%, I suspect that their manipulation may induce
motoric impulsivity. This aspect would clearly benefit from additional controls.

(2) Second, I have several interrogations about the time-resolved probability of port entries
(PSTHs).

a) There is a mismatch between the results presented in Figure 1. Panel D shows a peak of
responses on the PSTH at ~2s on day 5 (my remark applies to all days), suggesting that the
average should lie around this value. However, panel C reports a latency to respond at ~4sec.
Could the authors double-check their PSTHs?

b) More generally, the fact that in the Pavlovian task all PSTHs show a peak at almost exactly
2 sec is quite surprising and raises questions about how they are constructed. Sure, the most
salient event is the water drop occurring 2s after cue onset. Yet, if mice responded only to
these drops, the peak response should occur at 2s+reaction time, which is not the case. Figure
2 shows that on the first acquisition day, responding is already centered around 2s and does
not decrease with learning, except for treated animals.

(3) Several methodological flaws are present.

a) The authors need to report clearly the statistics. In most cases, the statistical test used is
mentioned in the figure caption with a single P-value. Thus, on two-way ANOVAs, I do not
know whether the P-value relates to the interaction, the main effects, or the post-hoc tests.

b) Another important issue is related to the average time-resolved z-score probability of port
entries. The bin size used, the smoothing (that is much too strong), and the baseline period
used to calculate the z-score are absent from the methods.

(4) This study reports that manipulating 70% of the glutamatergic projection to the NAc
induces an effect opposed to what has been previously reported in many different studies.
Such a surprising finding deserves a more elaborate discussion about the mechanism that
could be at play.

https://doi.org/10.7554/eLife.110276.1.sa0
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