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Amygdala transcranial ultrasound stimulation disrupts

threat acquisition and extinction learning

Gregory A. Fonzo'* and Kevin S. LaBar**

Transcranial ultrasound stimulation applied to the human amygdala selectively impacts the initial phases of both
threat learning and its subsequent extinction.

The amygdala, an almond-shaped collection
of gray matter nuclei located in the medial
temporal lobes of each hemisphere in the
brain, is critically important to a host of emo-
tional processes, including threat detection,
fear/anxiety, salience processing, arousal, and
affective learning. This region has been im-
plicated as mediating various emotional and
behavioral abnormalities observed across
mood, anxiety, and trauma-related disorders.
It is therefore of high clinical and translational
relevance to the development of novel mental
health treatment approaches (1).

The amygdala is well-known to facilitate
learning about threats and the instantiation of
persistent cue-threat associations that guide
decision-making and threat appraisal in non-
human animal models. Such processes are
typically studied with Pavlovian conditioning
paradigms, which have been extended to in-
vestigate similar processes in humans. During
Pavlovian conditioning, one or more novel/
neutral cues reliably predict the imminent
delivery of an aversive stimulus, yielding a
learned association that engenders the novel/
neutral cue with a persisting threat-predictive
value. As this learning takes place, the condi-
tioned stimulus (CS+) evokes a physiological
threat response that can be measured neurally
(through brain imaging) and/or physiologi-
cally (through sympathetic arousal-sensitive
measures). Threat extinction is the process by
which new learning is instantiated to form
competing non-threat associations with the
CS+, which occurs through repeated pre-
sentation of the CS+ in the absence of the
unconditioned stimulus (US), e.g., mild elec-
trodermal shock. Acquisition of threat learn-
ing occurs rapidly and is often resistant to

lasting extinction, displaying properties of
spontaneous re-emergence even after extinc-
tion learning has occurred. This re-emergence
of threat conditioning is observed in various
forms such as spontaneous recovery (return
of conditioned threat after simple passage of
time), contextual renewal (return of condi-
tioned threat when the CS+ is encountered
outside the extinction context), and reinstate-
ment (return of conditioned threat after pre-
sentation of the US) (2).

The pattern of rapid learning and subse-
quent persistence of threat memories likely
serves a useful evolutionary purpose, but it
also makes it challenging to extinguish threat
associations that are maladaptive or no lon-
ger useful. For instance, in anxiety disorders
and posttraumatic stress disorder (PTSD),
behavioral methods such as exposure thera-
py try to form competing associations of
safety to internal and external stimuli per-
ceived as dangerous and that cause signifi-
cant distress and functional impairment. The
modest success and completion rates of these
treatments illustrate the biological conun-
drum posed by this enduring form of emo-
tional learning.

The literature has definitively linked the
amygdala to the rapid formation and long-
term expression of cue-threat associations in
non-human animals. Similar conclusions in
humans have been more elusive, as initial neu-
roimaging meta-analyses did not yield consis-
tent evidence to support its role in threat
learning (3). However, such evidence is corre-
lational rather than causal. Human amygdala
lesion studies offer one potential pathway for
causal inference and do implicate its critical
contribution to threat learning, but natural
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cases of this phenomenon are rare and are
often not circumscribed to the amygdala it-
self. They are likely confounded by compen-
satory processes.

For these reasons, newer forms of non-
invasive neuromodulation offer a promising
tool to address the amygdala’s role in forming
cue-threat associations. Low-intensity tran-
scranial ultrasound stimulation (TUS) is an
emerging form of non-invasive brain stimula-
tion that delivers high-frequency, low-intensity
sonic energy to a precise location in the brain.
This technology has the distinct advantage
over other forms of brain stimulation, such as
transcranial magnetic stimulation (TMS), be-
cause of its capacity to directly target and mod-
ulate the function of brain areas located at
depth, including the amygdala and other sub-
cortical structures (4). Although the precise
mechanism is not well understood, emerging
evidence suggests that TUS may impact the
permeability/function of numerous mecha-
nosensitive ion channels, which may change
the excitability of neurons and their subse-
quent firing properties (5). Using acoustic
modeling and personalized stimulation ap-
proaches, the ability to manipulate in a tempo-
rally and spatially precise fashion the function
of subcortical structures now allows for an
unprecedented level of inference into how
subcortical structures mediate various affec-
tive and learning processes.

In this issue of Science Advances, Meijer
et al. (6) employ online TUS during a Pavlov-
ian conditioning and extinction paradigm in
healthy individuals to probe the role of the
amygdala in threat learning and its persistence
(Fig. 1). Using an elegant experimental design
involving a within-session sham condition and
a separate experiment with an active control
site (hippocampus), the authors delivered ac-
tive TUS bilaterally to each amygdala during
conditioning that was time-locked just prior
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Fig. 1. Transcranial ultrasound stimulation (TUS) directed bilaterally at the amygdala slows threat acqui-
sition and facilitates threat extinction. TUS is applied in an interleaved fashion across the hemispheres just
prior to and during the presentation of the conditioned stimuli (CS+'s; snakes) during threat acquisition only.
Skin conductance responses (SCRs) normally increase rapidly to the CS+'s paired with shock (threat) relative to
those that are presented alone (safety), as exemplified in the sham condition. Compared to the sham TUS condi-
tion, active TUS to the amygdala slows this index of threat learning. TUS applied to the amygdala during threat
acquisition also facilitates subsequent extinction learning when the CS+'s are no longer paired with the shock.

Adapted from (6).

to the onset of one set of CS+ (paired with
shock 50% of the time) and CS- (never paired
with shock) stimuli and which continued
throughout its presentation until the US deliv-
ery window. The TUS parameters were in-
formed by prior studies and were selected to
interfere with amygdala threat computations,
akin to a selective, ultra-short temporary le-
sion. In each experiment, another pair of CS+
and CS- stimuli were paired with sham stim-
ulation (auditory masking). This aspect of
the experimental design provided a within-
subject, within-session control condition. In a
second experiment of identical design, TUS
was delivered to the hippocampus as an active
comparator to control for non-specific effects
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of TUS delivery. In each experiment, extinc-
tion was then induced by presenting the CS+s
without the US, along with subsequent tests for
threat reinstatement and re-extinction. The au-
thors used skin conductance response (SCR), a
common measure of physiological arousal, as
the primary read-out for assessing TUS effects.

The first notable finding was that amygdala
TUS (vs. sham) selectively disrupted rapid
threat learning, as evidenced by lower SCR
responses during the early conditioning tri-
als. SCR responses for active versus sham ex-
periments became indistinguishable during
mid- and late-conditioning trials, demon-
strating that the amygdala is most critical for
early/rapid acquisition of threat learning. The
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second notable finding is that, for the CS+
paired with active TUS, SCR responses were
substantially reduced during early extinction
only (not mid- or late-extinction), demon-
strating that amygdala TUS applied during
conditioning selectively facilitated early ex-
tinction. Moreover, both effects were specific
to amygdala TUS, as they were not observed
for hippocampal TUS. Amygdala TUS did not
impact measures of threat retention or rein-
stated recovery of threat responses, demon-
strating a selective role of the amygdala in
rapid threat learning and early persistence of
threat-cue associations during extinction.

Meijer and colleagues provide compelling
evidence for a circumscribed causal role of
the amygdala in threat learning during the
early/rapid acquisition of cue-threat associa-
tions, which, in turn, impacts the initial ex-
pression of this association during extinction.
It is important to note that this study lacked
conclusive verification of target engagement
(such as non-invasive brain imaging) that
would increase confidence of the TUS effects
on the targeted region. Although the authors
interpreted the findings as evidence for the
amygdala’s role in “learning fast and forget-
ting slow;” it is important to keep in mind that
extinction involves more complex learning
processes than mere decay of the CS-threat
association (2). Results are also limited in
generalizability to clinical populations suffer-
ing from anxiety disorders or PTSD, the men-
tal health conditions for which these findings
are most immediately relevant, due to the ex-
clusive focus on mentally healthy participants.
Finally, findings do not directly inform thera-
peutic intervention development, as cue-
threat associations are already well-formed in
patients. It would not be feasible in most cases
to modulate amygdala function at the time
such associations are formed (e.g., during a
traumatic experience). Therefore, future TUS
studies should build on this important foun-
dation by extending the paradigm to modu-
late the amygdala or other components of the
conditioning network during extinction, re-
instatement, or re-extinction.

The findings of Meijer et al. advance
our understanding of the causal role of the
amygdala in human threat conditioning, high-
lighting its critical contribution to the rapid
acquisition of cue-threat associations and their
expression during initial extinction learning.
Two large-scale meta-analyses of the neuroim-
aging literature recently corroborated the role
of the amygdala in the initial stages of threat
learning, providing a more rigorous and nu-
anced approach in much larger sample sizes
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than prior meta-analyses (7, 8). In combi-
nation, these new insights, along with the
extant human lesion studies, provide com-
pelling convergence with the non-human
animal literature.

Nonetheless, Meijer and colleagues report-
ed that threat learning remains intact in late
conditioning, threat retention, and reinstated
recovery, despite interfering with amygdala
computations during initial threat acquisition.
This dissociation provides both a sobering and
hopeful perspective. The sobering perspective
reminds clinician-scientists that a process as
multifaceted as threat learning is complex in
its neuroanatomical substrates and therefore
not readily amenable to remediation with a
simple amygdala-targeted single-session ap-
proach (though repeated stimulation, such as
repetitive TUS, may induce adaptive plasticity
with broader therapeutic effects when success-
fully applied to small, deep brain structures)
(4). The hopeful perspective emphasizes the
fact that there are many potential brain regions
still to be explored, and perhaps engaging the
amygdala along with other targets or across
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multiple learning phases will yield the most
powerful therapeutic impact.
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