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A VTA to Basal Amygdala Dopamine Projection Contributes
to Signal Salient Somatosensory Events during Fear
Learning
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The amygdala is a brain area critical for the formation of fear memories. However, the nature of the teaching signal(s) that drive
plasticity in the amygdala are still under debate. Here, we use optogenetic methods to investigate the contribution of ventral teg-
mental area (VTA) dopamine neurons to auditory-cued fear learning in male mice. Using anterograde and retrograde labeling, we
found that a sparse and relatively evenly distributed population of VTA neurons projects to the basal amygdala (BA). In vivo
optrode recordings in behaving mice showed that many VTA neurons, among them putative dopamine neurons, are excited by
footshocks, and acquire a response to auditory stimuli during fear learning. Combined cfos imaging and retrograde labeling in
dopamine transporter (DAT) Cre mice revealed that a large majority of BA projectors (.95%) are dopamine neurons, and that
BA projectors become activated by the tone-footshock pairing of fear learning protocols. Finally, silencing VTA dopamine neu-
rons, or their axon terminals in the BA during the footshock, reduced the strength of fear memory as tested 1 d later, whereas
silencing the VTA-central amygdala (CeA) projection had no effect. Thus, VTA dopamine neurons projecting to the BA contribute
to fear memory formation, by coding for the saliency of the footshock event and by signaling such events to the basal amygdala.
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Significance Statement

Powerful mechanisms of fear learning have evolved in animals and humans to enable survival. During fear conditioning, a
sensory cue, such as a tone (the conditioned stimulus), comes to predict an innately aversive stimulus, such as a mild foot-
shock (the unconditioned stimulus). A brain representation of the unconditioned stimulus must act as a teaching signal to
instruct plasticity of the conditioned stimulus representation in fear-related brain areas. Here we show that dopamine neu-
rons in the VTA that project to the basal amygdala contribute to such a teaching signal for plasticity, thereby facilitating the
formation of fear memories. Knowledge about the role of dopamine in aversively motivated plasticity might allow further
insights into maladaptive plasticities that underlie anxiety and post-traumatic stress disorders in humans.

Introduction
Animals must predict dangers to ensure survival; for this reason,
powerful mechanisms of pain sensation and fear learning have

evolved in animals (Feinberg and Mallatt, 2017). During audi-
tory-cued fear learning, an innocuous sensory percept, such as a
tone (the conditioned stimulus [CS]), acquires a negative emo-
tional valence, and will elicit a defensive behavior after being
paired with an aversive stimulus, such as a mild footshock (the
unconditioned stimulus [US]) (LeDoux, 2000; Tovote et al.,
2015). The amygdala has been identified as a brain structure
with an important role in fear learning (Davis, 1992; LeDoux,
2000; Duvarci and Paré, 2014; Tovote et al., 2015). Tone (CS)-
driven action potential (AP) firing is increased in many lateral
amygdala (LA) and basal amygdala (BA) neurons during and af-
ter fear conditioning protocols (Quirk et al., 1995; Amano et al.,
2011; Grewe et al., 2017). It is thought that excitatory synapses in
the LA that code for the CS undergo LTP, which then drives
increased LA neuron AP firing responses upon CS presentation
(Rumpel et al., 2005; Sigurdsson et al., 2007; Nabavi et al., 2014).
Nevertheless, the nature of the US representation that drives this
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plasticity is less well known, and both an excitatory drive and
neuromodulatory signals likely co-exist to instruct plasticity in
the LA and BA (Herry and Johansen, 2014). Thus, depolarizing
synaptic inputs coding for the US likely contribute to the induc-
tion of associative plasticity because footshock stimulation causes
cfos expression in a sparse, but distinct neuronal population in
the LA and BA (Gore et al., 2015).

In addition to glutamatergic depolarization of LA and BA
neurons, behaviorally salient stimuli, such as footshocks, recruit
several neuromodulatory systems, which, among other target
areas, project to the BA and LA where they can facilitate the ac-
quisition of threat memories (Johansen et al., 2014). Recent work
has shown that both acetylcholine and noradrenaline, acting in
the LA and/or BA, facilitate the formation of fear memories
(Jiang et al., 2016; Uematsu et al., 2017). We wished to investi-
gate whether dopamine acting in the amygdala might be an addi-
tional neuromodulator that facilitates the formation of threat
memories.

Dopamine neurons in the midbrain VTA are a heterogenous
population that project to the prefrontal cortex (PFC), the nu-
cleus accumbens (NAc), and the amygdala (Asan, 1998; Wise,
2004; Lammel et al., 2011, 2012; Beier et al., 2015). Different
pools of dopamine neurons can be involved in both appetitively
and aversively motivated behavior. Early evidence for a role of
dopamine signaling in the amygdala during aversive learning
came from measurements of enhanced dopamine in the basolat-
eral amygdala and in the NAc after stressful stimuli (Young and
Rees, 1998; Inglis and Moghaddam, 1999; de Oliveira et al.,
2011), and from pharmacological experiments with dopamine
receptor antagonists in the amygdala (Lamont and Kokkinidis,
1998; Guarraci et al., 1999; Nader and LeDoux, 1999; Heath et
al., 2015). On the other hand, classical studies in monkeys and
rats have found a role for VTA dopamine neurons in reward
processing (Schultz, 1998; Wise, 2004), and some studies found
that VTA dopamine neurons are not activated (Mirenowicz and
Schultz, 1996) or even inhibited by aversive stimuli (Ungless et
al., 2004; Tan et al., 2012). Thus, a role of dopamine neurons in
aversively motivated behavior has remained somewhat contro-
versial, despite evidence from genetic manipulations indicating a
role of the dopamine system in aversive learning (Fadok et al.,
2009; Zweifel et al., 2011), and despite findings that some dopa-
mine neurons in the VTA are excited by aversive stimuli
(Guarraci and Kapp, 1999; Brischoux et al., 2009; Gore et al.,
2014; for an insightful early review, see Horvitz, 2000). In the
present study, we have used optogenetic methods, in vivo
optrode recordings, cfos imaging, and circuit mapping techni-
ques to investigate the role of a VTA to BA dopaminergic projec-
tion in auditory-cued fear learning.

Materials and Methods
Animals
All procedures with laboratory animals (mus musculus) were authorized
by the Service of Consumption and Veterinary Affairs, Canton of Vaud,
Switzerland (authorizations 2885.0 and 3274.0). The following mouse
lines were used in this study: (1) DAT-internal ribosome entry site-Cre
line (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J, The Jackson Laboratory, #006660;
RRID:IMSR_JAX:006660) called here DATCre mice (Bäckman et al.,
2006); (2) Cre-dependent channelrhodopsin 2 reporter line (Madisen et
al., 2012) (B6.Cg-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J; The
Jackson Laboratory, #024109; RRID, IMSR_JAX:024109, also known as
Ai32) called here ChR2 mice; (3) Cre-dependent tdTomato reporter
mice (Madisen et al., 2010) (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/
J; RRID, IMSR_JAX:007909, also known as Ai9), called here tdT mice;
and (4) C57Bl6/J wild-type mice (The Jackson Laboratory, #000664;

RRID, IMSR_JAX:000664). All experimental mice were virgin males,
group-housed under a 12/12 h light/dark cycle with food and water ad
libitum until separated into single cages 1 d before surgery.

Viral vectors
For Cre-dependent expression of Arch in DAT1 neurons (see Figs. 4, 5),
an AAV1:CBA:FLEX:Arch-GFP vector was used (Addgene, catalog
#22222-AAV1; RRID Addgene_22222). In mice for the control groups
(see Figs. 4, 5) and for anterograde tracing (see Fig. 1), eGFP expression
was driven in DAT1 neurons by an AAV1:CAG:FLEX-eGFP vector
(Addgene, catalog #51502-AAV1; RRID Addgene_51502).

Surgery for optic fiber implantation
Male mice of 42-49d were randomly assigned to a control group or to
an Arch group, injected, respectively, with AAV1:CAG:FLEX-eGFP or
AAV1:CBA:FLEX:Arch-GFP virus (see above). All other procedures
were the same between the control and the test groups. For in vivo opto-
genetic silencing experiments of Figure 4, virus suspension (200-400 nl)
was injected unilaterally into the VTA of DATCre mice, at the following
coordinates relative to bregma: anteroposterior �3.3 mm; ML �0.35
mm; DV 4.2-4.6 mm (DV measured from the dura surface). Following
this, a single optic fiber was implanted unilaterally above the VTA. A
single fiber was used because two fibers would likely have interfered with
each other, given the medial position of the VTA. For silencing of
DAT1 fibers in the BA or the CeA (see Fig. 5), fibers were placed bilater-
ally above the BA or bilaterally above the CeA, following a bilateral virus
injection into the VTA. The fiber coordinates were as follows: anteropos-
terior �1.66 mm, ML 63.35 mm, DV 3.65 mm for BA, or anteroposte-
rior �1.36 mm, ML 62.85 mm, DV 3.65 mm for CeA (DV measured
from the dura surface). Stereotaxic surgeries were done with a model
940 stereotactic instrument (Kopf Instruments).

Fiberoptic implants for in vivo optogenetic silencing were custom-
made from a 200mm core/0.39NA/230mm outer diameter optic fiber
(FT200EMT; Thorlabs) and 1.25 mm outer diameter ceramic ferrules
(CFLC230; Thorlabs) as described previously (Sparta et al., 2011). Yellow
light was produced by a 561nm diode pumped solid state laser (MGL-
FN-561-AOM, 100 mW, CNI Lasers) equipped with an AOM and an
additional mechanical shutter (SHB05T; Thorlabs). The laser power was
adjusted to be 10 mW at the exit of the implant tip for each animal.

Behavior
Behavioral experiments were performed after 3-4weeks of postsurgical
recovery. Before behavior testing, mice were habituated to handling and
to the head tethering imposed by the optic patch cords. A classical audi-
tory-cued fear memory paradigm was performed in a conditioning
chamber of an NIR Video Fear Conditioning Package for Mouse (MED-
VFC-OPTO-M, Med Associates; RRID, SCR_016928). The 3 d protocol
consisted of the following steps (see Fig. 2A): On day 1, the mouse was
subjected to a habituation session when six tone blocks (CS) were deliv-
ered at pseudo-random intervals in a Context A. Each tone block con-
sisted of 30 beeps (7 kHz, 80 dB, 100ms long, repeated at 1Hz for 30 s).
On day 2 (the same Context A), each of the 30 s tone blocks was fol-
lowed by a 1 s electric footshock applied through the metal grid floor of
the conditioning chamber (0.6mA AC). On day 3, four CS tone blocks
were delivered in a new Context B. For this, the grid floor was replaced
with a smooth white acrylic surface, and a curved wall was installed
instead of a square arena used in the Context A. The Context A chamber
was wiped before and after each session with 70% ethanol, whereas the
Context B chamber was cleaned with a general purpose soap. On some
occasions, we tested the retrieval of contextual fear memory on day 4 by
monitoring the animal’s freezing behavior in Context A for 5min (see
Figs. 4G, 5D,H). Freezing was quantified using VideoFreeze software (Med
Associates; RRID, SCR_014574) from the recorded videos of behaving
mice (30 frames/s). The freezing level (see Figs. 2, 4, 5) was expressed as
the percentage of time the mouse spent freezing during the CS presenta-
tion (30-s-long tone block).

Optrode recordings
For recording extracellular spiking activity in the VTA (see Fig. 2), we
used a 16-channel amplifier (ME16-FAI-mPA; Multi Channel Systems)
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and custom-built microdrive-mounted optrodes. The optrode implanta-
tion procedure into the VTA (see Fig. 2) was similar as the VTA optic
fiber implantation (see above), with an additional stainless-steel micro-
screw (Antrin Miniature Specialties) implanted into the skull for
grounding. Optrodes were custom-built according to Anikeeva et al.
(2011), using four tetrodes placed around a central optic fiber (200/
230mm core/outer diameter, NA 0.5; Thorlabs; see Fig. 2C). Tetrodes
were made from insulated 17-mm-diameter Pt/Ir wires (California Fine
Wire). The tetrodes, and one additional wire for a local reference chan-
nel were glued onto the optic fiber fixed inside the 1.25 mm ceramic fer-
rule (Thorlabs), which was inserted into the movable part of a
microdrive (Axona). The free ends of tetrode wires were attached to the
pins of a NPD-18-VV-GS micro-connector (Omnetics), which was fixed
onto the movable part of the microdrive. To minimize the impedance of
the wires, platinum was deposited on the wire tips using platinum black
plating solution (Neuralynx) according to manufacturer’s manual, and
an iontophoretic amplifier (MVCS-01, NPI Electronic). The impedance
was measured at 1 kHz in PBS solution using the lock-in function of an
EPC-10 patch-clamp amplifier (HEKA Elektronik), and was typically
,100 kV.

One day before the behavior testing, the optrode was repositioned
under ketamine anesthesia (90mg/g body weight ketamine and 10mg/g
xylazine) to search for opto-tagged units in the VTA by advancing it
ventrally from the initial implantation site. The optrode was slowly
advanced until light-evoked spikes could be detected at a latency of 2-
8ms (see Fig. 2D). We used ChR2 expression in DAT1 neurons to opto-
genetically identify recorded units (DATCre x ChR2 mice); in 1 case
(FT6963), a DATCre mouse was injected with AAV8:hsyn:FLEX:ChETA-
eYFP to drive CheTA expression in DAT1 neurons. Opto-tagging was
done by delivering short (2–5ms, 3–10 mW) light pulses at 2Hz repeti-
tion rate, from a 473nm diode pumped solid state laser (MBL-FN-473,
150 mW; CNI Lasers). The opto-tagging procedure was repeated after
each behavior session (without advancing the optrode) to collect light-
evoked spikes in response to;2000 light pulses.

Spike sorting and single-unit analysis
Raw data were recorded with the MC_Rack software (MultiChannel
Systems; RRID, SCR_014955) at 40 kHz sampling rate, and was band-
pass filtered (0.6–6 kHz) before the analysis. The raw data were con-
verted into HDF5 format using Multi Channel Data Manager software
(MultiChannel Systems) and then processed (except the spike clustering)
using custom-written routines in IGOR Pro 7.08 (WaveMetrics; RRID,
SCR_000325). The voltage traces were bandpass filtered (0.6–6 kHz;
fourth-order Butterworth filter), and the stimulation artifacts from elec-
tric footshocks (on day 2; that appeared as ;2.8 ms transients repeating
at 30 Hz @) were blanked by zeroing under manual control. During
opto-tagging, a slow artifact likely related to the local field potentials was
sometimes observed. To minimize its effect on spike detection, the aver-
age traces were calculated over ;200 subsequent light pulses and then
subtracted from each channel. Negative amplitude spikes were detected
using a threshold method (typically set at �3.2 SD) on each channel,
and the spike timestamp was defined by the largest amplitude event
within each tetrode. The light-evoked spikes sampled in a 2-8ms win-
dow after the light pulse onset were clustered separately from the spikes
recorded during behavior. Individual spike cutouts (filtered for cluster-
ing with a bandpass 0.4–6 kHz filter) were exported into MATLAB
(MathWorks; RRID, SCR_001622). The MClust toolbox (David Redish;
University of Minnesota) was used to cluster the tetrode spikes by an
unsupervised clustering algorithm (KlustaKwik; RRID, SCR_014480)
(Rossant et al., 2016) using the spike valley and the principal compo-
nents PCA1-PCA3 as the clustering parameters. The results were qual-
ity-controlled by checking the average spike waveform similarity and
visualizing the cluster projections; occasionally, some of the clusters
were fused together if they were not well separated. Following this, the
quality of the spike cluster isolation was estimated by the isolation

distance and L-ratio to control for Type I and Type II errors (Schmitzer-
Torbert et al., 2005). Clusters with isolation distance. 24 and L-
ratio, 0.5 were retained for analysis; this reduced the total number of
clusters from n=60 to 28 (sum of opto-tagged and unidentified units in
N=3 mice; see Fig. 2I-K). Qualitatively similar results as the ones shown
in Figure 2 were observed without this quality control step.

Opto-tagged units were identified by matching the average wave-
forms recorded during the behavior session, with those evoked by the
light pulses on each day (see Fig. 2F,L, insets). Average waveformmatch-
ing was also used to follow the units across days. Manual matching of
the average waveforms was guided by the maximal value of a metric cal-
culated as follows: RMSi � 1� r ið Þ½ ��1. Here, RMSi is the average over
four electrodes root mean square of a point-to-point differences between
the waveforms of two units, and r i is the average Pearson’s correlation
coefficient calculated between the waveforms of two units. The experi-
menter was blind to the spiking pattern of individual units during the
behavior sessions until the identity of units (opto-tagged or unidentified,
and across days) was determined.

Response types of the units to sensory stimuli were classified accord-
ing to the following criteria: (1) The unit was considered US-responsive
if the time-averaged z score during the footshock, calculated from the av-
erage poststimulus time histograms of six footshock stimuli, exceeded a
value of 2. For negative responses, a threshold of �1.5 was used. (2) For
the CS response classification, average z scores for the 100-ms-long tones
were calculated for all n= 30 tones in one tone block. A unit was consid-
ered CS-entrained if, first, the z score did not exceed 2 for at least five of
six CS presentations on day 1 (i.e., the unit did not have an innate
response to tones), and, second, if at least two of the last three tone pre-
sentations on day 2 resulted in a summed z score.4 (i.e., tone response
increased on day 2 as a result of training), or if at least two tone presenta-
tions on day 3 resulted in a summed z score .4 (i.e., the tone response
was maintained on day 3). Only in N=3 of 12 mice could units accord-
ing to the above quality criteria be followed over at least day 2 and day 3;
the response types found in these N=3 mice are shown in Figure 2I-K.

Retrograde tracing and immunohistochemistry
For retrograde labeling (see Figs. 1G–M, 3), AlexaFluor-conjugated chol-
era toxin subunit B (CTB) was used (CTB-Alexa-647; Thermo Fisher
Scientific). CTB was injected into the left BA of a DATCre x ChR2mouse,
and a C57Bl6/J mouse (see Fig. 1), or into the BA of DATCre x tdT mice
(see Fig. 3), at the following coordinates from bregma: RC �1.05 mm,
ML 3.25 mm, DV �5.18 mm (250 nl of 0.1% dilution in PBS). Seven
days (see Fig. 1) or 23days (see Fig. 3) after CTB injection, the brains
were dissected and processed for histologic analysis.

Immunohistochemistry (see Figs. 1A–F,I,J, 3B,C) and post hoc histol-
ogy with immunohistochemistry to confirm the viral targeting and optic
fiber placement (see Figs. 2, 4, 5) were done according to standard proce-
dures after transcardial perfusion of mice with 4% PFA. The following
pairs of primary and secondary antibodies were used. For Figure 1B,
chicken anti-GFP (Abcam; catalog #13970; dilution 1:1000; RRID:AB_
300798), and as secondary antibody, goat anti-chicken Alexa-488
(Thermo Fisher Scientific; catalog #A11039; dilution 1:200; RRID, AB_
2534096). For the second channel in Figure 1B, we used a rabbit anti-TH
antibody (Millipore; catalog #AB152; dilution 1:1000; RRID, AB_
390204) and as secondary antibody, goat anti-rabbit Alexa-647 (Thermo
Fisher Scientific, catalog #A21244; dilution 1:200; RRID:AB_2535812).
For Figure 1I, J, ChR2-eYFP was detected with a chicken anti-GFP anti-
body and the corresponding secondary antibody as stated above. For
Figure 3B,C, we used a rabbit polyclonal anti-cFos antibody (Synaptic
Systems; catalog #226003, dilution 1:1000; RRID:AB_2231974), and as sec-
ondary antibody, goat anti-rabbit Alexa-488 (Thermo Fisher Scientific,
catalog #A11008; 1:1000 dilution; RRID, AB_143165). In Figure 3B,C, the
tdTomato fluorescence of DAT1 cells of the DATCre x tdT mice was
detected without antibody enhancement. For post hoc histology after
optrode placement (see Fig. 2C) or optogenetic fiber placement (see Figs.
4E, 5B), we costained with an anti-GFP antibody (to detect ChR2-eYFP,
or Arch-eGFP, or eGFP expression; green channel), and with the rabbit
anti-TH antibody (red channel), with the antibody combinations detailed

Tang et al. · VTA to BA Dopamine Projection in Fear Learning J. Neurosci., May 13, 2020 • 40(20):3969–3980 • 3971

https://scicrunch.org/resolver/SCR_014955
https://scicrunch.org/resolver/SCR_000325
https://scicrunch.org/resolver/SCR_001622
https://scicrunch.org/resolver/SCR_014480
https://scicrunch.org/resolver/AB_300798
https://scicrunch.org/resolver/AB_300798
https://scicrunch.org/resolver/AB_2534096
https://scicrunch.org/resolver/AB_2534096
https://scicrunch.org/resolver/AB_390204
https://scicrunch.org/resolver/AB_390204
https://scicrunch.org/resolver/AB_2535812
https://scicrunch.org/resolver/AB_2231974
http://antibodyregistry.org/AB_143165


above. Slices were mounted in Dako fluorescence mounting medium
(Dako).

Image acquisition
Histologic sections were imaged at the Bioimaging and Optics Platform,
École Polytechnique Fédérale de Lausanne. For the immunohistochem-
istry in Figure 1B, images were taken on an upright LSM 700 confocal
microscope (Carl Zeiss) with 20�/0.8NA dry and 40�/1.3NA oil
immersion objectives. The corresponding quantification of eGFP and
TH colocalization was performed by using an automated ImageJ routine
(provided by Olivier Burri, Bioimaging and Optics Platform, École
Polytechnique Fédérale de Lausanne). Retrogradely labeled VTA sec-
tions (see Figs. 1I,J, 3B,C) were imaged with a Slide Scanner (VS120-
L100; Olympus) with a 10�/0.4NA objective. For the analysis of retro-
gradely labeled VTA neurons in Figure 3, a subset of the sections was
reimaged at higher resolution with a confocal microscope (LSM 700,
Carl Zeiss; 20�/0.8NA objective), and the colocalization of three
markers was analyzed manually. For the post hoc histologic analysis after
optrode recordings (see Fig. 2) or after optogenetic experiments (see
Figs. 4, 5), slices were imaged with a stitching fluorescence microscope
(DM5500, Leica Microsystems) using 5�/0.15NA or 10�/0.3NA objec-
tives, or with a Slide Scanner VS120-L100 (Olympus) with a 10�/0.4NA
objective.

Ex vivo electrophysiology
For slice electrophysiology, 300-mm-thick slices containing the VTA (cut
with a Leica VT1000S slicer; Leica Microsystems), were made from 3- to
4-month-old mice previously injected with AAV1:CBA:FLEX:Arch-
eGFP. Whole-cell patch-clamp recordings of VTA neurons were done at
room temperature (21°C–23°C) with a K-gluconate-based pipette solu-
tion, and a standard bicarbonate buffered extracellular solution. The
setup was equipped with an EPC10/2 patch-clamp amplifier (HEKA
Elektronik) and an upright microscope (Axioskop 2, Carl Zeiss) with a
60�/0.9NA water-immersion objective (LUMPlanFl, Olympus). For
activation of Arch (see Fig. 4B), yellow light pulses were delivered from a
high-power LED (Amber CREE XP-EII PC, 595 nm; Cree), coupled into
the epifluorescence port of the microscope. The LED was controlled
with a Cyclops LED driver (https://open-ephys.org) (Newman et al.,
2015). The maximal light intensity used in experiments was estimated to
be 1.24 mW/mm2 at the focal plane. The electrophysiological recordings
were analyzed in IgorPro using the NeuroMatic plug-in (Rothman and
Silver, 2018).

Experimental design and statistical analysis
No prior sample size calculation was performed. Optogenetic silencing
experiments with Arch (see Figs. 4, 5) were usually performed in small
“cohorts” of N=3 and N=3 mice for “control group” and “Arch group.”
Repeating such measured cohorts 2-3 times, giving rise to N=6-8 mice
in the control and the Arch group, was found necessary to determine
whether silencing induced a significant change in the Arch group com-
pared with the control group.

Biological replicates refer to the number of mice (we then use N) or
else to the number of cells (n) as indicated in Results. Sometimes, techni-
cal replicates, such as the number of analyzed sections, are also indicated
in Results.

Statistical tests on behavioral data were performed using Prism 5
(GraphPad Software; RRID, SCR_002798). The data were expressed as
mean 6 SEM. For the statistical analysis of the optogenetic silencing
data (see Figs. 4G, 5D,H), a repeated-measures two-way ANOVA was
used, followed by a post hoc Bonferroni test for multiple comparisons.
Additionally, for the analysis of cued retrieval, the freezing data in
response to all n= 4 tone blocks applied on day 3 were pooled and aver-
aged for each group (see Figs. 4H, 5E,I); in this case, a two-tailed hetero-
scedastic two-sample Student’s t test was used (referred to as t test in
Results). A x 2 test for trend in Prism 8 was used to analyze the fraction
of cfos1 neurons (see Fig. 3D,E). Significance levels are reported in
Results and are additionally indicated in the figures.

Results
Dopamine neurons of the VTA project to the BA and medial
CeA
We first investigated the VTA-amygdala projection anatomically
by anterograde and retrograde tracing techniques. We used do-
pamine-transporter Cre mice (DATCre) and injected an AAV
vector into the VTA to drive Cre-dependent expression of eGFP
(AAV1:CAG:FLEX:eGFP; Fig. 1A). Confocal fluorescence
images revealed many transduced, eGFP-positive cell bodies
within the VTA, which were detected by an anti-GFP antibody
(see Materials and Methods). Many of these cell bodies were also
positive for TH as revealed by an anti-TH antibody (Fig. 1B).
Specifically, we found that 816 9% (1060 of 1259) of all TH1

cells in the VTA expressed eGFP (n=9 sections from N=3
mice), and that 986 2% (1060 of 1082) of the eGFP-expressing
cells were TH1 (n= 9 sections from N= 3 mice; Fig. 1C). Thus,
;80% of the VTA neurons were infected with the AAV1 vector,
and expression was virtually limited to TH1 neurons, demon-
strating tight expression control by the Cre-dependent expres-
sion vector.

In the amygdala region, we found eGFP-expressing axons in
the CeA and in the basolateral nucleus complex (Fig. 1D). In the
latter, the highest fiber density was found in the BA, whereas the
LA received few eGFP-positive fibers (Fig. 1D). In the CeA, the
medial subdivision (Fig. 1D, CeA-m) showed a denser innerva-
tion with eGFP-positive fibers compared with the lateral CeA
(see also Mingote et al., 2015). Nevertheless, the lateral CeA was
densely stained by the TH antibody (Fig. 1D, CeA-l), consistent
with a catecholaminergic innervation of the lateral CeA from a
non-VTA source, as suggested previously (Asan, 1998; Hasue
and Shammah-Lagnado, 2002; Matthews et al., 2016). In the BA
and the medial CeA, the expression pattern of eGFP1 axons
largely overlapped with that of TH (Fig. 1E,F). In addition to the
BA and medial CeA, TH1 fibers, many of which also expressed
eGFP, were found in the amygdalostriatal transition zone (Fig.
1D). These data show that DAT-expressing neurons in the VTA
send axons to the BA, and to the medial CeA.

We next investigated the location of BA-projecting dopamine
neurons in the VTA by using the retrograde tracer CTB-Alexa-
647, which was injected into the BA of DATCre � ChR2 mice
(Fig. 1G). The injections were limited to the BA (Fig. 1H).
Retrogradely labeled neurons were found in the mPFC, the hip-
pocampus, and other brain regions known to provide input to
the BA (data not shown). In the VTA, we similarly observed ret-
rogradely labeled neurons (Fig. 1I,J). We found that BA projec-
tors were homogeneously distributed over the anteroposterior
axis (Fig. 1K,L), and mediolaterally as measured by the distance
from the midline (Fig. 1L). On the other hand, we found more
BA projectors in the dorsal half compared with the ventral half
of the VTA (n= 145 of a total of n= 160 neurons were located in
the dorsal half; Fig. 1K). Thus, we confirm a preferential dorsal
localization of BA projectors within the VTA (Baimel et al.,
2017). However, we could not confirm a preferential localization
of BA projectors in the lateral and posterior parts of the VTA;
this might be caused by differences in the BA volumes targeted
in the present and in the previous study (Baimel et al., 2017). We
found n= 160 retrogradely labeled neurons in the mouse illus-
trated in Figure 1H-L. In another mouse, we found n= 107 back-
labeled neurons in the VTA, and these BA projectors were again
homogeneously distributed along the anteroposterior and
mediolateral axes (Fig. 1M). The number of BA projectors we
found here is small compared with the total number of TH-
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positive neurons previously estimated in the A10 area of C57Bl6
mice (;5000) (Nelson et al., 1996); A10 roughly corresponds to
the area defined as VTA here. Together, anterograde and retro-
grade labeling experiments reveal a projection of DAT1 neurons
in the VTA to the BA and CeA. The projection to the BA is car-
ried by a quite small subpopulation of relatively evenly distrib-
uted neurons in the VTA.

VTA neurons respond to footshocks
and acquire CS responses
To investigate the role of VTA dopa-
mine neurons in fear learning, we
recorded the activity of these neurons
throughout a 3 d fear learning para-
digm. During the fear learning proto-
col, we applied six tone blocks without
footshock on day 1. On day 2, the tone
blocks coterminated with a 1 s foot-
shock; and on day 3, retrieval of audi-
tory-cued fear memory was assessed
by applying n=4 tone blocks alone in
a different context (Fig. 2A, top; and
see Materials and Methods). The
example mouse of Figure 2 showed an
initial freezing response after it was
connected to the optrode cables and
released into the fear arena (Fig. 2A,
arrow). We often observed this behav-
ior in optrode-recorded mice, but not
during optogenetic experiments in
other mice (see Figs. 4, 5). The mouse
illustrated in Figure 2A–I developed a
strong freezing response on the train-
ing day and maintained this level of
freezing on the retrieval day (Fig. 2A).
For the in vivo recordings, we used
optrodes, which consisted of four
tetrode bundles placed around a cen-
tral optical fiber (Fig. 2B,C) (Anikeeva
et al., 2011). Initial attempts to optoge-
netically identify BA projectors after
expression of ChR2 with retrograde
viruses in the BA (herpes simplex vi-
rus) were not fruitful, maybe because
of the relatively sparse population of
BA projectors in the VTA (Fig. 1). We
therefore decided to express ChR2
under the DAT promoter using
DATCre � ChR2 mice, which allowed
us to identify a fraction of the recorded
units as putative dopamine neurons by
optogenetic stimulation (Fig. 2D).

During the training day, when tones
(CS) were paired with footshock stimu-
lation, a majority of the recorded units
responded with an increased AP firing
to the footshocks, and acquired an AP
firing response to the CS. The example
unit shown in Figure 2E, F (a putative
DAT1 dopamine neuron) reliably
responded to the footshock (Fig. 2E,
right). In addition, this unit developed a
short-latency response to the tone beeps
when these were followed by a foot-
shock on the training day (Fig. 2E). The

tone response was maintained during the retrieval of threat mem-
ory 1 day later (day 3; Fig. 2F). In this mouse, n=8 units that ful-
filled the quality criteria for unit isolation could be followed
through at least day 2 and day 3. In n=4 of these units, a CS
response developed during the pairing of the CS with a footshock,
whereas other units remained below the criterion for a response

Figure 1. A dopaminergic afferent projection from the VTA to different amygdala subnuclei. A, Schematic of the experimental
approach for B–F. An AAV1 vector driving the Cre-dependent expression of eGFP was injected into the VTA of a DATCre mouse. B,
The injection area on the level of the VTA, with eGFP fluorescence (green channel) and the TH immunohistochemistry (red chan-
nel). The area indicated by the white box is shown at a higher magnification on the right. eGFP expression is limited to TH1 cells.
C, Quantifications of (left) the percentage of eGFP1 cells that were also TH1 among all eGFP1 cells, and (right) the percentage
of eGFP1 and TH1-positive cells within all TH1 cells, respectively (mean 6 SEM). D, eGFP-expressing axons were observed in
the BA, medial portion of the CeA (CeA-m), and in the amygdala-striatal transition zone (AStr), but were largely absent in the
LA. White lines and white dashed lines indicate outlines of a mouse brain atlas (Franklin and Paxinos, 2016) overlaid over the
images. E, F, Confocal images of eGFP and TH1 fibers in the BA (E) and CeA-m (F), corresponding to the white dashed boxes in
D. G, Schematic of the retrograde labeling approach for H-L. H, Images of the CTB-Alexa-647 (magenta) injection site in the BA
at three indicated bregma levels. I, Image of the VTA at the indicated bregma level. Magenta represents neurons back-labeled
with CTB-Alexa-647. Green represents GFP (ChR2-eYFP)-positive DAT1 neurons. J, A confocal image of a CTB-Alexa-647-labeled
BA-projecting neuron in the VTA. K, Plot of the DV position of CTB-Alexa-647-positive neurons within the VTA (0% represents the
most dorsal position), for all sections along the anteroposterior axis of 1 mouse, and the corresponding histogram (right). Note
the preferential position of BA projectors in the dorsal half of the VTA. L, Plot of the ML position of CTB-Alexa-647-positive neu-
rons (BA projectors; n= 160), for all sections along the anteroposterior axis. Black lines indicate the medial and lateral borders of
the VTA. M, Mediolateral position of BA projectors (n= 107) from another mouse (C57Bl6) back-labeled by injection of CTB-
Alexa-647 into the BA.
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(Fig. 2G, pink and gray traces, respec-
tively). Regarding the responses to foot-
shocks, n=6 units in this mouse
responded to footshocks, whereas n=2
units did not (Fig. 2H, pink and gray
traces, respectively). The strength of the
AP firing response to each footshock
varied in time, but no clear time de-
pendence could be found (Fig. 2H).

We next analyzed the various
response types in the form of Venn
diagrams for each mouse (Fig. 2I–K).
We made optrode recordings in
N= 12 mice, but we could only recover
useful single units that adhered to the
quality criteria in N= 3 mice (see
Materials and Methods). In these
mice, there was a substantial overlap
between US responders and CS-
entrained units (Fig. 2I–K; red and
blue areas, respectively). In all 3 mice,
opto-tagged units (putative DAT1

neurons) were a subpopulation of US-
responding and CS-entrained units
(Fig. 2I–K, white and yellow areas);
and in each mouse, we found a minor-
ity of nonresponding units (Fig. 2I–K,
gray areas). Furthermore, we observed
a decrease in AP firing in response to
footshocks in n=1 opto-tagged unit
(Fig. 2L; see Fig. 2J, red dashed area),
and in n= 1 of 20 nonidentified units
(Fig. 2J, blue dashed circle). Therefore,
in this sample, units that responded
with a decrease in AP firing were
found less often (n=2) than units that
responded with an increased firing to
footshocks (n=21).

Together, a majority of units
recorded in the VTA during the fear
learning protocol, among them puta-
tive DAT1 neurons, responded with
an increased AP firing to the foot-
shocks, and acquired a short-latency
response to tones when these were re-
inforced by a footshock. These results
suggest that VTA dopamine neurons
play a role in auditory-cued fear
learning.

Cfos imaging suggests increased
firing of BA projectors during fear
learning
We observed with optrode recordings
that most sampled units in the VTA,
and among them DAT1 neurons,
responded with an increased firing to
footshocks (Fig. 2). However, we were
not able to identify BA projectors,
most likely because of the low density
of this projection-identified neuronal population in the VTA
(see above). Therefore, to further investigate whether BA projec-
tors are among the DAT1 neurons that respond to footshocks,
we next used cfos immunohistochemistry, combined with retro-
grade labeling (Fig. 3). To additionally identify DAT1 neurons,

we used DATCre x tdT mice for these experiments. CTB was
injected into the left BA of DATCre x tdTmice. Three weeks later,
the mice underwent a modified fear learning protocol with a
habituation day (application of n=6 tone blocks alone), followed
by a training day in which tone blocks were followed by foot-
shocks, or else, tone blocks alone were applied (CS only, as a

Figure 2. VTA neurons, and among them dopamine neurons, respond to footshocks and acquire CS responsiveness. A, Scheme
of the 3 d auditory-cued fear learning protocol (top), and freezing data (bottom) of the example mouse of C–I. B, Schematic
drawing of an optrode with 16 recording channels implanted in the VTA of a DATCre x ChR2 mouse. C, Post hoc histologic image
showing the placement of an optrode (dashed line) in the VTA of the example mouse (FT7612) of C–I. The tracks of two tetrodes
are visible (arrows). Bottom, Scheme of the arrangement of four tetrodes (T1-T4) around the optical fiber. D, Illustration of opto-
genetic identification of putative DAT1 units. Raster plot for four electrodes (EI-EIV) of one tetrode, showing unsorted spikes
aligned to the onsets of n= 100, 2-ms-long laser light pulses (blue shading). Spikes at 2-8 ms after the light pulse were collected
and subjected to spike clustering (see Materials and Methods). E, Spiking activity of a single opto-tagged putative DAT1 unit dur-
ing day 2 (training day). AP frequency (top) and z score (bottom) are shown in response to the CS (averages over the n= 30
tone presentations for each tone block), as well as in response to footshocks (averages over the n= 6 footshock presentations;
right). F, Spiking activity of the same unit as in E, in response to CS presentations on day 3 (fear memory retrieval). Right, AP
waveforms for the unit shown in E, F. G, H, Responses of all units in mouse FT7612 to tone presentations during days 1-3 (G),
and to footshocks on day 2 (H). The peak z score responses were plotted as a function of the tone-block number (CS) or paired
CS-US presentation. Pink represents units classified as CS-entrained (G) or as US responders (H). Gray represents the others.
Thick red and black lines indicate average 6 SEM across these groups, respectively. Square symbols connected by lines
represent DAT1 units identified by optotagging. I–K, Venn-type diagrams showing the number of units in the different
response classes and their overlap. I, The data are from the example mouse shown in A–H. Note the overall similar distri-
bution and overlap of response types across the N= 3 mice. Two US-responsive units in mouse FT6963 showed reduced
AP firing frequencies on the footshock (J, dashed areas). L, AP firing response of unit 17 of mouse FT6963 during day 2
of the fear learning protocol. This unit responded with a decreased AP firing frequency to footshock stimulation, and corre-
sponds to the red dashed area in J.
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control group). Ninety minutes later, the mice were killed and
prepared for cfos immunohistochemistry (Fig. 3A).

Figure 3B, C shows example images for a control mouse (CS
only), and for a CS-US pairing mouse. In both cases, the CTB
injection was well targeted to the BA (Fig. 3B,C, top row, left).
DAT1 neurons in the VTA were identified by their tdTomato
signal (Fig. 3B,C, cyan channel). Using confocal images, we then
concentrated on identifying BA projectors based on their CTB-
Alexa-647 fluorescence, and analyzed the colocalization with the
other two markers (Fig. 3B,C; bottom row images). As before,
the number of BA projectors was small (n=73 and n=63), ana-
lyzed from n=12 and n=11 sections from N= 2 control mice
and N= 2 CS-US pairing mice, respectively. In the control mice,
of the 73 BA projectors, there were only n= 2 non-DAT cells.
Among these, one was not positive for cfos (Fig. 3D, BA only),
the other one was a cfos1 BA projector; these numbers corre-
spond to 1.4% in each case (Fig. 3D). Of the n= 73 BA projectors
in the control group, n=8 (or 11%) were cfos1 (Fig. 3D).
Interestingly, this fraction was significantly increased (to 43%) in
the CS-US pairing group (Fig. 3E; x 2 = 14.26; p=0.0002; x2 test
for trend). Similar to the control mice, the number of non-DAT
BA projectors was also small in the CS-US pairing group (Fig.
3E; BA only; 3%). Together, the cfos labeling experiments show
that BA projectors become significantly activated during CS-US
pairing. Furthermore, the tdTomato fluorescence of DAT1 cells
shows that a majority (.95%) of the BA projectors are dopamine
neurons. These results further corroborate the findings of the in
vivo optrode recordings and suggest that BA projectors are
among those units that show an increased AP firing in response
to footshocks.

Role of VTA dopamine neurons in auditory-cued fear
memory
To investigate whether dopamine neurons in the VTA contribute
to the formation of an auditory-cued threat memory, we next
used optogenetic methods. Because we found that many VTA
neurons, including dopamine neurons (Fig. 2) and BA projectors
(Fig. 3), increase their AP firing in response to footshocks, we
wished to silence VTA dopamine neurons at the time of the foot-
shock, and observe the effect on fear learning. For this, we used
DATCre mice, and expressed the light-activated proton pump
Arch-eGFP in a Cre-dependent manner virally in the VTA
(using AAV1:CBA:FLEX:Arch-eGFP; Fig. 4A). Initial slice elec-
trophysiology showed that yellow light (561nm) caused robust
outward currents and strong hyperpolarization of Arch-express-
ing VTA dopamine neurons (Fig. 4B,C; n= 5 recordings from
N= 3 mice).

We then tested whether VTA dopamine neuron firing during
the footshock is needed for fear memory formation. We injected
AAV1:CBA:FLEX:Arch-eGFP into the VTA of DATCre mice and
implanted a single optic fiber over the VTA (Fig. 4D,E; only a sin-
gle fiber could be used because of the medial position of the VTA;
see Materials and Methods). To ask whether footshock-driven fir-
ing of dopamine neurons was necessary for fear learning, yellow
light was applied for 3 s starting 1 s before the footshock and end-
ing 1 s after the footshock (Fig. 4F). Mice that received an AAV
driving the Cre-dependent expression of eGFP (AAV1:CBA:
FLEX:eGFP) in the VTA, but that otherwise underwent identical
procedures as the Arch group, served as control mice. In these
experiments, in addition to testing the retrieval of auditory-cued
fear memory on day 3, we also tested the retrieval of contextual
fear memories on a fourth day, using the same context as on day 1
and day 2 of the fear memory protocol (see Materials and
Methods).

Figure 3. Combined cfos labeling and retrograde tracing show that BA projectors increase
their activity during tone-footshock pairing. A, Schematic of the protocol used for cfos label-
ing; 90 min after the training session, mice were killed and prepared for cfos immunohisto-
chemistry. B, Example images from a mouse that received only tones during the training on
day 2 (CS only; control group). Top left, Wide-field fluorescence image of the BA injected
with CTB-Alexa-647 for retrograde labeling (magenta channel). Top right, Confocal image
on the level of the VTA, with tdTomato-positive DAT1 neurons (cyan channel) as well
as labeling by the cfos antibody (yellow channel) and by CTB-Alexa-647 (magenta).
Bottom row, Images represent the individual and merged channels for the boxed area
in the top right. C, Corresponding images from a different mouse, which underwent CS-
US pairing (i.e., with footshocks) during the training day. D, Quantification of all CTB-la-
beled neurons (BA projectors; n= 73) and their colabeling in N= 2 mice in the control
group. A large percentage of BA projectors is DAT1 (the sum of DAT and DAT1 cfos
classes; 97%), but only 11% are stained by cfos. E, Quantification of all CTB-labeled
neurons (BA projectors; n= 63) from N= 2 mice that underwent the CS-US pairing
before cfos immunohistochemistry. Note the larger percentage of DAT1, cfos1 BA pro-
jectors (43%; for statistical analysis, see Results).
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The average freezing levels of both
groups of mice during the 4 d behav-
ioral tests are shown in Figure 4G. A
two-way repeated-measures ANOVA
revealed a significant effect of silencing
on the freezing levels during the fear
learning protocol (p= 0.0117; F(15,150) =
2.12 for the interaction between the two
factors time, and photoinhibition). A
post hoc Bonferroni test showed a signif-
icant difference in the freezing level for
the sixth tone-footshock pairing on the
training day (p, 0.05), and for the sec-
ond and third tone block on the re-
trieval day (p, 0.01 for both; Fig. 4G).
Pooling the freezing data over the four
tone blocks of day 3 indicated a signifi-
cantly reduced retrieval of cued threat
memory (p= 0.013, t test; Fig. 4H). On
the other hand, the contextual fear
memory retrieval tested on day 4 was
not significantly different between the
Arch group and the eGFP group (Fig.
4G, right; p= 0.102, t test). Together,
these results suggest that footshock-
driven activity of VTA dopamine neu-
rons on the training day contributes to
the formation of auditory-cued fear
memory.

The VTA to BA projection
contributes to auditory-cued fear
learning
The experiments of Figure 4 suggest
that dopamine neurons in the VTA
contribute to the formation of auditory-
cued fear memories. Nevertheless, there
are several projections of VTA dopa-
mine neurons that might contribute to
aversive learning, including projections
to the mPFC and NAc (Vander Weele
et al., 2018; de Jong et al., 2019), as well
as the projection to the BA that we char-
acterized anatomically and by cfos
imaging (Figs. 1, 3). To study the role of
the VTA to BA projection more specifi-
cally, we next silenced the axons of the
VTA dopamine neurons in the BA. This
was achieved by bilateral injection of
AAV1:CBA:FLEX:Arch-eGFP into the
VTA of DATCre mice, and implantation
of optic fibers bilaterally over each BA
(Fig. 5A,B). Mice injected with an AAV
vector that drives the expression of
eGFP in the VTA served as a control
group. Yellow light (561nm) was again delivered during a 3 s pe-
riod centered over the footshock stimulation on the training day
(Fig. 5C).

In the Arch group, we found a significant difference of freez-
ing across the fear learning protocol compared with the eGFP
group (Fig. 5D; F(15,195) = 1.87, p=0.0238, for interaction
between photoinhibition and time; two-way repeated-measures
ANOVA). Bonferroni post hoc analysis showed that freezing in
response to the fourth tone block on the retrieval day was

significantly reduced (p, 0.05). Analysis of the pooled data over
all four tone blocks of the retrieval day showed a significant
decrease of freezing in the Arch group compared with the eGFP
group (Fig. 5E; p=0.0043, t test). Furthermore, contextual fear
memory retrieval tested on day 4 was significantly different in
Arch-eGFP-expressing mice compared with the control group
(Fig. 5D, right; p= 0.046, t test). These data show that footshock-
driven activity of VTA DAT1 axons in the BA contributes to the
formation of auditory-cued fear memories, as well as to the for-
mation of contextual fear memories.

Figure 4. Optogenetic inhibition of VTA dopamine neurons during the footshock decreases auditory-cued fear memory. A,
Schematic of the experimental approach for B, C. An AAV1:CBA:FLEX:Arch-eGFP vector was injected unilaterally into the VTA. B,
Current (top; holding potential, �60mV) and membrane potential responses (bottom) evoked by yellow light (l = 595 nm)
in an Arch-expressing DAT neuron. C, Quantification of the peak and steady-state current response (left) and hyperpolarization
(right) from n= 5 recordings in N= 3 mice. D, Schematic of the experimental approach for E-H. A stereotactic injection of the
Cre-dependent Arch-eGFP vector into the VTA of DATCre mice was followed by unilateral optic fiber implantation above
the injection site. E, Post hoc histologic verification of Arch-GFP expression and optic fiber placement (white dashed line) in the
VTA of one example mouse. Red represents TH immunohistochemistry signal. Green represents fluorescence of Arch-eGFP.
Scale bar, 200mm. F, Schematic of yellow laser light illumination during the CS-US pairing protocol. The tone block (n= 30
tone beeps of 0.1 s at 1 Hz) is followed by a 1 s footshock. Yellow laser light (l = 561 nm) is applied for 3 s starting 1 s
before the footshock to activate Arch. G, Average time course of freezing level in Arch-expressing mice (n= 6, red), and in
eGFP-expressing control mice (n= 6; black). *Significance of the photoinhibition effect as assessed by Bonferroni post hoc test
at the indicated time points, following a two-way repeated-measures ANOVA. H, Percentage of freezing during cued fear mem-
ory retrieval averaged over four CS presentations on day 3 (N= 6 and N= 6 mice in the test and control group; p= 0.0134,
t test). One data point from a mouse in the control group showed unusually low freezing on retrieval (26%) and was removed
from the dataset. Error bars indicate mean6 SEM. *p, 0.05, **p, 0.01.
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Because we found that VTA dopa-
mine neurons also project to the CeA
and especially to the medial division
of the CeA (Fig. 1) (Mingote et al.,
2015), we next tested whether this
pathway might contribute to audi-
tory-cued fear learning. We again
expressed Arch-eGFP Cre-depend-
ently bilaterally in the VTA of
DATCre mice (using AAV1:CBA:
FLEX:Arch-eGFP), but we now im-
planted optic fibers bilaterally over
each CeA (Fig. 5F,G). Yellow light
was applied for 3 s during the foot-
shock stimuli. ANOVA did not find
a significant effect of silencing on
freezing (Fig. 5H; F(15,195) = 0.6, p =
0.875 for interaction between photoin-
hibition and time; two-way repeated-
measures ANOVA). Similarly, pooling
of the freezing data on the retrieval day
did not reveal a significant difference
between the groups (Fig. 5I; p=0.90, t
test). Finally, the contextual retrieval of
fear memories on day 4 was not signi-
ficantly different after silencing the
dopaminergic VTA axons over the
CeA (Fig. 5H, right; p=0.83, t test).
Together, the experiments in Figure 5
show that the dopaminergic VTA to
BA pathway contributes to the forma-
tion of auditory-cued threat memories
and to contextual fear memories,
whereas the VTA to CeA projection
seems not necessary for these learning
behaviors.

Discussion
Using in vivo optogenetic methods
and optrode recordings, as well as
anatomic circuit tracing and cfos
imaging, we have studied the role of
the VTA to BA dopamine pathway in
the formation of an auditory-cued
fear memory. We found that a sparse
population of VTA dopamine neu-
rons projects to the BA and becomes
activated by footshocks. In vivo opt-
rode recordings of single units in the
VTA showed that most recorded
units, including putative dopamine
neurons, responded to the footshock
with increased AP firing rates, and
acquire CS responsiveness. Silencing
the VTA-BA pathway during foot-
shock presentation led to reduced
fear memory as tested 1 day later,
suggesting that footshock-driven ac-
tivity of VTA axons in the BA facili-
tates the formation of an auditory-
cued fear memory. Thus, we con-
clude that VTA dopamine neurons

Fig. 5. Photoinhibition of the dopaminergic projection from the VTA to the BA during the footshock decreases the amount of
cued and contextual fear memory. A, Schematic of the experimental approach for B–E. An AAV1:CBA:FLEX:Arch-eGFP vector was
injected bilaterally into the VTA of DATCre mice, and optical fibers were implanted above each BA. B, Post hoc histologic validation
of the bilateral optical fiber implantation above the BA. Scale bar, 200mm. C, Scheme of the timing of yellow light application
(561 nm, 3 s) delivered to each BA, aimed to suppress footshock-driven activity of VTA axons in the BA. D, Average time courses of
freezing in Arch-eGFP-expressing mice (red data points) and in eGFP-expressing control mice (black). *Statistical significance of pho-
toinhibition effect assessed by Bonferroni post hoc test for multiple comparisons at the respective time points, following the
two-way repeated-measures ANOVA. E, Percentage of freezing during cued fear retrieval on day 3, averaged over the four
CS presentations (N= 8 and N= 7 mice in the control and test group, respectively; p= 0.0043; t test). F, Experimental
approach for G–I, in which optical fibers were implanted bilaterally above each CeA. G, Post hoc histologic validation of the
bilateral optical fiber implantation above each CeA in 1 mouse. Scale bar, 200mm. H, I, Time course and average freezing
levels after silencing the VTA dopaminergic fibers over the CeA. There was no significant difference between the Arch and
the eGFP (control) group (two-way repeated-measures ANOVA in H and t test in I; p= 0.9). Error bars indicate mean 6
SEM. *p, 0.05, **p, 0.01.

Tang et al. · VTA to BA Dopamine Projection in Fear Learning J. Neurosci., May 13, 2020 • 40(20):3969–3980 • 3977



contribute to signal salient somatosensory events to the BA, pre-
sumably by causing dopamine release, which facilitates the for-
mation of a fear memory.

A role of dopamine in aversive learning has first been
hypothesized based on pharmacological experiments with D1
and D2 receptor blockers and microdialysis-based dopamine
measurements in the amygdala (Lamont and Kokkinidis, 1998;
Young and Rees, 1998; Guarraci et al., 1999; Nader and LeDoux,
1999). Furthermore, fear-potentiated startle was reduced in the
dopamine-deficient mouse model and after conditional genetic
deletion of NMDA receptors in TH1 neurons (Fadok et al.,
2009; Zweifel et al., 2011). On the other hand, the generally
accepted role of VTA dopamine neurons in reward processing
(Schultz, 1998; Wise, 2004), and recordings that showed an inhi-
bition of AP firing of VTA dopamine neurons by aversive stimuli
(Ungless et al., 2004; Tan et al., 2012), might have slowed pro-
gress in understanding the role of dopamine in aversively moti-
vated learning. More recent circuit tracing analyses showed that
the VTA is composed of neurons with diverse projection areas
belonging to different subsystems (Lammel et al., 2011, 2012;
Beier et al., 2015). These dopaminergic subsystems in the VTA
can be involved in both reward-based learning (for most NAc
projectors) or in aversive learning (mPFC projectors) (Lammel
et al., 2011; Vander Weele et al., 2018). Nevertheless, the VTA to
amygdala pathway had received little attention in recent studies.

Using in vivo optrode recordings in the VTA throughout the
3 day fear learning protocol, we found that most recorded units,
including putative dopamine neurons identified optogeneti-
cally, increased their AP firing in response to footshocks (Fig.
2). Even within the sample of putative DAT1 neurons, we
only found a single unit that was inhibited by the footshock
(Fig. 2). Furthermore, we found that a population of units
that largely overlapped with the US-responsive units developed
a response to tones when these were reinforced by the foot-
shock (Fig. 2). This CS learning might be caused by plasticity
of excitatory synapses on VTA dopamine neurons which was
previously observed after drugs of abuse (Ungless et al. 2001),
but also after pain stimuli and after fear learning (Lammel et
al. 2011; Pignatelli et al. 2017). Although we could not identify
BA projectors in these in vivo recordings, further cfos imaging
showed that BA projectors in the VTA become activated by
sound-footshock pairings, and that.95% of the BA projectors
are DAT1 neurons (Fig. 3). These findings provide further
evidence for the notion that dopaminergic BA projectors in
the VTA are activated by footshocks, and contribute to audi-
tory-cued fear learning.

It was shown, largely based on AP waveform criteria, that
footshocks in anesthetized mice excite putative VTA GABA neu-
rons, and mostly inhibit putative VTA dopamine neurons (Tan
et al., 2012). It remains possible that a fraction of the nonidenti-
fied units in our sample of optrode recordings represented
GABA neurons. On the other hand, we found that non-DAT1

neurons were a minority (;3%) of the histologically identified
BA projectors (Fig. 3). Furthermore, our optogenetic results
showed that inhibition of VTA dopamine neurons during the
footshock, as well as inhibition of VTA dopamine axons in the
BA, each significantly reduced threat memory formation (Figs. 4,
5). These results strongly suggest that footshocks activate dopa-
mine neurons in the VTA, and that the resulting release of dopa-
mine in the BA facilitates fear memory formation.

Several recent studies have provided evidence for roles of dis-
tinct dopamine neuron populations, both within the VTA and in
adjacent midbrain areas, in aversively motivated learning. One

study found that VTA dopaminergic axons that project to a ven-
tromedial area of the NAc shell were excited by footshocks (de
Jong et al., 2019). Interestingly, these axons acquired a tone
response when the latter was paired with footshocks, similar to
what we found here for a large fraction of recorded VTA units
(Fig. 2). De Jong et al. (2019) also showed that projections to the
lateral shell of the NAc (these dopamine axons were involved in
reward processing) were inhibited by footshocks. Yet another
population of VTA dopamine neurons, the mPFC projectors, are
involved in aversive valence processing (Lammel et al., 2011;
Vander Weele et al., 2018). Thus, in addition to the VTA dopa-
mine neurons projecting to the BA that we have studied here,
there are other populations of VTA dopamine neurons projec-
ting to other targets, which are involved in aversively motivated
learning. Furthermore, dopamine neurons located in the dorsal
raphe that project to the CeA, and dopamine neurons of the lat-
eral portion of the substantia nigra that project to the posterior
striatum, were recently shown to be involved in aversive learning
(Groessl et al., 2018; Menegas et al., 2018). Different molecularly
defined subpopulations of dopamine neurons innervating the
various forebrain areas have recently been identified using inter-
sectional genetic approaches (Poulin et al., 2018). Together, these
functional and genetic circuit studies corroborate the anatomic
notion that distinct populations of midbrain dopamine neurons
have largely separate projection targets (Swanson, 1982; Menegas
et al., 2015). The various dopamine projection pathways that are
involved in aversive learning might be regarded as parallel
streams of neuromodulatory input to largely separate projection
domains in the forebrain. The functional advantage for such par-
allel streams of dopamine signaling should be further elaborated
in future work.

We have found a contribution of the VTA-BA dopamine pro-
jection to the formation of auditory-cued threat memories (Fig.
5). These findings support the notion that dopamine contributes
to a “teaching” signal for plasticity in the BA (Herry and
Johansen, 2014). On the other hand, the LA, which receives
many sensory inputs from cortical and thalamic areas (LeDoux
et al., 1990; Nabavi et al., 2014; Lucas et al., 2016), was only
sparsely innervated by dopamine fibers from the VTA (Fig. 1).
Correspondingly, we have focused on the role of the VTA-BA
dopamine pathway in fear learning. A recent study showed that
the VTA to CeA dopamine pathway is involved in discriminative
fear learning, as apparent by a dopamine-dependent reduction of
freezing in response to a nonreinforced tone (Jo et al., 2018).
Interestingly, the learned freezing in response to a reinforced
tone was not strongly affected by silencing the VTA-CeA dopa-
mine pathway, consistent with our results (Fig. 5F), but the pre-
vious study used footshocks with lower intensity. Thus, the
VTA-CeA connection does not seem to play a significant role in
basic forms of auditory-cued fear learning but is relevant for dis-
criminative fear learning (Jo et al., 2018).

What might be the mechanisms by which dopamine acts in
the BA to promote fear memory formation? Dopamine acts on
metabotropic D1- and D2-like receptors (Neve et al., 2004;
Tritsch and Sabatini, 2012), and activation of both D1 and D2 re-
ceptor subtypes in the amygdala (Lamont and Kokkinidis, 1998;
Guarraci et al., 2000) is expected to modulate various signaling
pathways. These include an upregulation of intrinsic neuronal
excitability via D1 receptors (Kroner et al., 2005; Tang, 2018), a
D2 receptor-mediated decrease in neurotransmitter release at
both excitatory and inhibitory nerve terminals (Rosenkranz and
Grace, 1999; Chu et al., 2012), and an action of D1 receptors on
intracellular signaling pathways involved in long-term plasticity
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of excitatory synapses (Li et al., 2011). It is likely that these sepa-
rate, but synergistically acting mechanisms, including a possible
dopamine-mediated disinhibition of principal cells (Bissiere et
al., 2003; Chu et al., 2012), together facilitate the induction of
plasticity at excitatory synapses in the BA during fear learning.

In conclusion, our study shows that a sparse population of
dopamine neurons in the VTA projects to the BA and becomes
activated during tone-footshock pairing. Optogenetic silencing
of this projection demonstrates a contribution of the VTA to BA
pathway in the formation of auditory-cued fear memories.
Understanding how dopamine acts as a teaching signal in aver-
sively motivated learning will allow us to gain further insights
into the mechanisms of maladaptive plasticities that underlie
anxiety and post-traumatic stress disorder (Yeh et al., 2018).
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