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Abstract

Appropriate expression of fear in the face of threats in the environment is essential for survival.
The sustained expression of fear in the absence of threat signals is a central pathological feature
of trauma- and anxiety-related disorders. Our understanding of the neural circuitry that controls
fear inhibition coalesces around the amygdala, hippocampus, and prefrontal cortex. By discussing
thalamic and sub-thalamic influences on fear-related learning and expression in this review, we
suggest a more inclusive neurobiological framework that expands our canonical view of fear.
First, we visit how fear-related learning and expression is influenced by the aforementioned
canonical brain regions. Next, we review emerging data that shed light on new roles for thalamic
and subthalamic nuclei in fear-related learning and expression. Then, we highlight how these
neuroanatomical hubs can modulate fear via integration of sensory and salient stimuli, gating
information flow and calibrating behavioral responses, as well as maintaining and updating
memory representations. Finally, we propose that the presence of this thalamic and sub-thalamic
neuroanatomy in parallel with the tripartite prefrontal cortex-amygdala-hippocampus circuit
allows for dynamic modulation of information based on interoceptive and exteroceptive signals.

1. Introduction

Fear is an emotional state that is induced when imminent danger or threat is perceived by
an organism. Observed across many species, fear-related behaviors allow an organism to be
vigilant, evaluate threat and respond appropriately. In contrast to these adaptive properties
of fear, fear responses can become maladaptive when they cannot be controlled in the
absence of threat or danger. Fear expressed toward stimuli that do not themselves signal
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threat (fear generalization) and fear expressed toward stimuli after they cease to be threats
(deficits in fear extinction) are two debilitating and highly prevalent dimensions of trauma-
and anxiety-related disorders such as post-traumatic stress disorder (PTSD) and generalized
anxiety disorder (GAD) (1-5). Suppressing fear generalization and rescuing deficits in
extinction learning requires an appreciation for the neurobiological mechanisms that govern
the expression and inhibition of fear in normative and disrupted states.

The expression and inhibition of fear are accomplished by a network of brain regions that
integrate sensory information and threat assessment with appropriate behavioral output.

A wealth of research has provided strong evidence that cortico-limbic networks make
important contributions to fear inhibition. More specifically, canonical fear-related neural
circuitry comprising of the amygdala, hippocampus, and prefrontal cortex have received the
most attention for their roles in regulating fear-related behaviors (6-11). However, recently,
new technologies like activity-based circuit mapping, optogenetics, chemogenetics and /in
vivo recordings of neural activity are making a case for more nuanced control of fear by
brain regions outside of this canon. Most notably, rapidly accumulating data are highlighting
that thalamic and sub-thalamic brain regions that were traditionally viewed as being mere
relays of information flow in the brain, do in fact, make important contributions to various
dimensions of fear-related behavior. In this review, we discuss the newly appreciated
influences of these brain regions on fear generalization and extinction. We conclude by
integrating them into the established neuroanatomical canon to expand our understanding of
the neurabiological underpinnings of trauma- and anxiety-related disorders.

Fear generalization and fear extinction are studied via the use of Pavlovian classical
conditioning. To study both constructs, a neutral stimulus is paired with an aversive
unconditional stimulus (US) that by itself results in an unconditional response. For example,
presentation of a specific auditory or visual cue is paired with a mild aversive experience
such as an electric shock or air puff. Exposure to the neutral stimulus after an association
has been formed between its presentation and the US will elicit a robust conditional fear
response; resulting in the neutral stimulus being called a conditional stimulus (CS). In
humans, this fear response is measured in the form of an enhanced startle reflex or skin
conductance. In rodents, complete cessation of movement or freezing is used as a proxy

for fear. To study fear generalization, animals are trained to distinguish between a neutral
stimulus that has come to be associated with an aversive outcome (CS+) and another neutral
stimulus that is not associated with threat (CS-). Fear generalization manifests as fear
responses to the CS+ and the CS- and is a debilitating dimension of PTSD (1, 2, 5, 12).

To study the extinction of fear responses, after conditioning, multiple presentations of the
CS+ but now without the aversive US and the learning of this new association, CS+ but

no aversive outcome, is assayed, by measuring fear toward future presentations of the CS+.
Appropriate extinction of fear is expressed as a steady decline in fear towards the CS+
presentations in the absence of the US. In rodents, prior exposure to stress impairs extinction
learning (13-17) and consequently the ability to inhibit fear to the now non-threatening CS+.
Individuals living with trauma- and anxiety-related disorders like PTSD and GAD show
deficits in extinction learning and a consequent inability to inhibit fear although the CS+ is
no longer associated with the aversive US (1, 2, 5, 12, 18-20).
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Another key dimension of fear observed in trauma-related disorders like PTSD is the
expression of fear towards salient cues that are not predictive of trauma. For example, a
tone present during the traumatic event that does not predict the occurrence of the threat

can elicit fear (21-23) and give rise to the pathological and intrusive nature of traumatic
memories. The neurobiology underlying this clinically relevant construct is beginning to be
explored in animal models (24-26). As such, the potential contributions of specific thalamic
and subthalamic circuits to this important endophenotype of PTSD are yet to be determined
and beyond the scope of this review that focuses on fear generalization and extinction.

2. The canonical tripartite circuit and fear.

Our appreciation for neurobiological mechanisms that underlie fear generalization and fear
extinction is centered around the functioning of the canonical tripartite circuit consisting

of the amygdala, prefrontal cortex, and hippocampus (Fig. 1). In this section, we provide

a brief overview of the literature highlighting the contributions of the canonical circuit to
expression of appropriate fear responses. We refer the reader to (1, 2, 4, 8, 9, 11, 27-31) for
more comprehensive analyses of the contributions of these brain regions to fear.

Fear generalization

Sensory information related to the CS and US converges in the basolateral amygdala (BLA)
and synaptic plasticity at glutamatergic synapses in the region is essential to achieve clear
delineation between fear and safety. Discrete neuronal subpopulations in the BLA dubbed
‘cue-specific neurons’ are dedicated to encoding precision of fear memories by selectively
increasing activity in response to reinforced cue (CS+) compared to a non-reinforced

cue (CS-) (32, 33). Information regarding the CS-US pairing is then sent from the BLA
directly to the central amygdala (CeA) or indirectly through the GABAergic intercalated
interneurons (ITCs) of the amygdala. The CeA has genetically distinct, and functionally
defined, neuronal subpopulations gating the specificity of learned fear memories. Here, a
CRF™ cell population in the CeA mediates fear discrimination by selectively responding to
CS+ only associated with weak US intensities (34). A separate PKC8+ GABAergic cell
population can modulate fear generalization by increasing fear towards CS- (35, 36). The
CeA then projects to downstream hypothalamic and brainstem regions that generate the
autonomic, behavioral, and endocrine responses associated with fear.

Fear responses are closely regulated by the medial prefrontal cortex (mPFC) that
communicates bidirectionally with the BLA and CeA. Activity-dependent plasticity within
the mPFC is required for successful fear discriminative learning, suggesting a top-down
control of fear generalization (33, 37-39). Particularly, in rodents, there is division-specific
functional delineation within the mPFC, where the prelimbic (PL) and infralimbic (IL)
cortices are separately implicated in fear expression and fear inhibition respectively. During
discriminative fear learning, distinct experience-specific prefrontal neuronal ensembles

are recruited to distinguish between safe and dangerous stimuli. While activation of the

IL supports fear discrimination, activation of PL promotes fear generalization (40-42).
Consistent with the idea of dissociable roles of PL and IL in fear discrimination, Corches et

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Venkataraman and Dias

2.2.

al., reported that PL neuronal activity tracks both conditional and generalized fear responses,
and IL neurons ramp up activity specifically during successful fear discrimination (43).

The ability to discriminate and not generalize also relies on recognition of learned fear
associations in specific contexts and limiting fear responses to similar environments. The
hippocampus encodes the contextual information regarding where the fearful experience
occurred and has bidirectional connectivity with the amygdala and the prefrontal cortex.
The stress-sensitive hippocampal subfields CA1, CA2, CA3, and DG (dentate gyrus) are
crucial for pattern separation and completion processes (44—-47) that allow representations
of threat and safety to be stored in a distinct, non-overlapping manner. The CALl is
required for adaptive generalization of fear memories from partial cues through the pattern
completion process (48). The DG-CAS circuit performs pattern separation for accurate
encoding of similar experiences and resolving uncertain threats. Deletion of the GIuUN1
subunit of NMDA receptors in DG cells causes deficits in discrimination learning (49).
Similarly, inhibition of neural activity in the DG during retrieval of fear memories leads to
overgeneralization of fear to safe contexts (50), supporting the idea that failure in pattern
separation processes leads to inaccurate activation of threat representations (2, 47).

Clinically, the distinction between safety and danger is blurred in individuals suffering
from stress- and anxiety-related disorders such as post-traumatic stress disorder (PTSD)
and generalized anxiety disorder (GAD). The neurobiological mechanisms underlying

the observed overgeneralization of trauma-related memories involve hyperactivity in the
amygdala, impaired prefrontal top-down control and reduced hippocampal activation.
Heightened activity in the amygdala occurs in concert with reduced top-down inhibitory
control of amygdala function by the ventromedial prefrontal cortex (vmPFC). Studies in
human participants diagnosed with PTSD report reduced activation of the vmPFC and
decreased functional connectivity between the vmPFC and amygdala (51-56), thereby
leading to exaggerated responses to negative emotional stimuli (57-59). Activation of the
vmPFC is specifically required for inhibiting fear responses to non-threatening stimuli that
least resemble the CS+. This is particularly deficient in the case of Generalized Anxiety
Disorder, where neural reactivity of vmPFC remains largely unchanged in response to the
CS+ as well as other perceptually dissimilar stimuli, leading to the loss of distinction
between threat and safety (60-62). This hypoactivity in the vmPFC is also inversely
correlated with PTSD symptom severity. The substantial reduction in hippocampal volume
(63-66) seen after exposure to severe stress and trauma is thought to contribute to fear
generalization. High-resolution fMRI imaging analysis reveal association between damage
to hippocampal subfields CA1, CA2, CA3/DG and PTSD symptoms (67-69). Therefore,
clinical studies provide robust evidence that functioning of the tripartite circuit is heavily
disrupted in stress- and anxiety-related disorders.

Fear extinction

A cardinal feature of stress- and anxiety-related disorders is the deficit in extinction learning,
where repeated exposure to the CS+ even in the absence of US continues to elicit fear
responses. The neural ensembles embedded within the trisynaptic circuit are re-engaged to
extinguish fear memories. Electrophysiological studies have shown that distinct neuronal
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subsets within the BLA become active during high fear states compared to low fear states.
While one set of neurons called “fear neurons’ increase their activity in response to the

CS+ with fear learning, another set of BLA neurons called ‘extinction neurons’ show
increased response to the CS+ after extinction training (35, 36, 70). These ‘extinction
neurons’ send long-range projections to the mPFC, where the PL-projecting BLA neurons
signal fear expression and the IL-projecting BLA neurons signal fear extinction (71).
Accumulating evidence suggests that acquisition of fear extinction also involves remodeling
of inhibitory interneurons in the BLA, shifting the balance from ensembles encoding threat
signaling to extinction (72—74). Moreover, inhibition of fear responses following extinction
learning requires top-down cortical modulation of the amygdala. Strong amygdala-prefrontal
synchrony at the end of fear learning has been implicated in resistance to extinction of

fear memories (75). The IL cortex directly activates the GABAergic ITCs which drive feed
forward inhibition of CeA output neurons to suppress fear expression (76—80). Notably,
recruitment of ITCs can also be enhanced alternatively through potentiation of excitatory
inputs from the BLA (81).

Expression of fear extinction does not merely rely on the cortico-amygdalar communication,
but also on contextual information from the hippocampus. Gating of fear responses after
extinction relies on hippocampal inputs to PL (82, 83). A recent study by Lacagnina

and colleagues (44) explored the possibility of dedicated cell populations within the
hippocampal DG subfield that control fear and extinction memories. Using activity-
dependent neural tagging and targeted optogenetic manipulations, the authors found that
extinction training involves active suppression of DG neurons encoding fear acquisition and
establishment of another distinct set of DG neurons encoding the extinction memory. This
raises the possibility that the interaction between fear and extinction representations in the
DG could potentially determine resistance to extinction. Coordinated activity between the
BLA, hippocampus and PFC is presumed to support inhibition of fear responses.

Neuroimaging data in humans have consistently shown that functional deficits at any of
these three nodes of the tripartite circuit can lead to extinction deficits. Impaired extinction
in individuals suffering from PTSD is associated with increased amygdala activation during
learning as well as retrieval of extinction memories (52, 53, 84, 85). In line with the
hypothesis that hyperactivity in the amygdala is caused by defective inhibition from the
vmPFC, individuals diagnosed with PTSD and GAD show reduced activation of the PFC
and consequently, impaired recall of extinction memories (85, 86). Furthermore, a failure to
engage the hippocampus can also potentially lead to deficits in appropriate inhibition of fear
responses in a context-dependent manner (85, 87, 88).

Among current therapeutic interventions, exposure-based therapies are considered to be
the most effective in reducing symptom severity of trauma- and anxiety-related disorders
(89-91). Exposure-based therapy utilizes fear extinction mechanisms, where patients are
repeatedly and systematically exposed to trauma-associated stimuli in a non-threatening
environment to reduce traumatic fear responses. The gradual reduction in fear achieved
through exposure-based therapies is considered to involve reshaping cellular and molecular
processes as well as functional connectivity within the tripartite circuit (92, 93). However,
such exposure-based therapies are quite aversive to patients, with dropout rates estimated

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Venkataraman and Dias Page 6

to be around 50% or more (94-96). Understanding the neural mechanisms that operate
outside the tripartite circuit to modulate emotional responses might help identify effective
therapeutic interventions that are less likely to trigger aversiveness.

3. Thalamic and sub-thalamic influences on fear.

Emerging literature on thalamic and sub-thalamic brain regions suggest that interoceptive
and exteroceptive information must be integrated across multiple sites within the nervous
system for fear to be appropriately expressed or inhibited in dynamic environments.
Thalamic and subthalamic regions have the potential to synchronize neural activity across
multiple nodes of cortical and subcortical networks according to attentional demands in
situations of safety versus danger. The normative entrenched view of these regions as mere
relay centers that transfer sensorimotor information to the cortex, is changing. Instead,
evidence points to the more refined view of them functioning as ‘switch boards’ where
multiple streams of sensory and salient information are integrated and targeted to specific,
segregated subsets of cortical and subcortical structures for computation of appropriate
behavioral outcomes.

As a hub that coordinates activity across cortical and subcortical networks, the thalamus

is sensitive to perturbations in physiological and psychological states. This functional
complexity of thalamic nuclei is apparent in individuals with damage to thalamic
neuroanatomy, who express profound impairments in inhibitory control accompanied by
deficits spanning emotional and cognitive domains (97-102). The thalamus becomes
activated across varied emotional states such as happiness, sadness, and disgust, (103)
suggesting that the thalamus participates in processing salient emotions irrespective of their
valence. Aberrations in thalamic activity has been reported in patients suffering from stress-
and anxiety-related disorders (54, 88, 104-107). For instance, patients with PTSD exhibit
thalamic hypoactivity. A meta-analysis of traumatic processing in PTSD patients found
critical thalamic mediation of cortical crosstalk during the recall of traumatic stimuli (108).
The severity and progression of PTSD is characterized by disrupted thalamic connectivity
(109, 110), suggesting that thalamic and subthalamic regions play a fundamental role in
controlling activity across multiple regions in states of high fear.

In the following section, we provide an overview of the critical contributions of thalamic
nuclei in processing fear starting with their ability to integrate multimodal sensory
information, modulate flow of information based on ongoing situational demands, and
maintenance of adaptive fear associations for future encounters. We focus on these three
key mechanistic features by which the thalamic and subthalamic circuits influence the
canonical tripartite circuit for fine-tuning threat responses (Fig. 2). First, we consider the
role of auditory thalamus and paraventricular thalamus in integration of multimodal sensory
information and emotional states. Next, we discuss gating of threat-related information in
the thalamic reticular nucleus and zona incerta. Finally, we examine how thalamic regions
support plasticity in canonical fear circuits using nucleus reuniens and mediodorsal thalamus
as examples.
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4. Integrative hub for linking sensory and emotional information (Fig. 2A
and Fig. 3A)

The thalamus receives a rich network of sensory inputs. The convergence of cortical,
subcortical and brainstem inputs onto the same target thalamic nucleus (111-113) enables
the thalamus to exert strong influence on ascending sensorimotor information. The ability of
thalamus to then multiplex different streams of incoming sensory information allows for fine
calibration of sensory processing. Thalamic integration of CS and US related information
allows for increased cue sensitivity required for proper fear inhibition (114, 115). The
cue-specific information from the thalamus is then utilized by the tripartite circuit to form
fear associations and suppress non-specific information (114, 116-120).

4.1. Sensory integration in the auditory thalamus

The thalamus controls the transformation of complex sensory signals into behaviorally
relevant information, made available to amygdala. Here, we discuss the auditory thalamus as
an example of how thalamic processing refines detection of fearful stimuli. Such thalamic
routes for dynamic processing of sensory stimuli extends to the visual and somatosensory
systems (121). The auditory thalamus is not just a primary relay station for auditory

signals en routeto the cortex, it acts as an integrative site for processing multimodal
information. CS-related auditory information reaches the amygdala via thalamo-amygdala
as well as thalamo-cortical-amygdala projections. These amygdala-projecting higher order
thalamic neurons lie within the lateral thalamus (LT) including the medial geniculate

body (MGB), posterior intralaminar nucleus (PIN) and suprageniculate nucleus (SG).
These two complementary thalamic projections converge in the BLA, providing complex
auditory representations necessary to maintain specificity of fear responses. Thalamic
neurons communicating with the amygdala act as drivers of fear memory formation. Recent
studies have shown that (114, 117) plasticity in these thalamic neurons can directly evoke
stimulus-specific responses in the amygdala. Silencing of thalamic inputs to the amygdala
results in diminished fear discrimination capabilities. Lesioning of the MGB causes fear
generalization as well as impaired extinction, with sustained responding to the CS- even
after going through fear extinction training (122-124). As expected, lesioning of the region
can disrupt learning-associated synaptic plasticity in the BLA.

Neurons in the MGB develop CS-specific tuning plasticity where the largest response

is allocated to the tone associated with the US (114, 125, 126). This shift in tuning of

the receptive field occurs only when the CS is paired with the US, suggesting that the

MGB performs complex multimodal sensory processing. Indeed, neurons in the MGB
respond to both the auditory information (CS) and the aversive somatosensory stimulation
(US) (127, 128). Although stable CS-specific plasticity occurs at the level of individual
neurons, the distinguishing feature of MGB compared to amygdala is that the population
level auditory representation of the CS tones is transient, highlighting its complex role in
driving downstream neuronal plasticity and dynamic functional influence of amygdala to
generate appropriate behavioral outcomes. Thalamic neurons compute experience-dependent
information to facilitate fine tuning of cortical representations and enhance contrast between
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safety and danger (CS+ vs CS-) leading to appropriate balance between fear expression and
inhibition.

4.2. Integration of emotional states and threat information in the paraventricular nucleus

of thalamus

The PVT is a dorsal midline thalamic nucleus that is potently activated in response

to stress and emotional arousal. The PVT receives inputs from mPFC, insular cortex,

ventral hippocampus, and parabrachial nucleus, and sends dense projections to the nucleus
accumbens (NAc), bed nucleus of stria terminalis and central amygdala (CeA) (129,

130). This makes the PVT an ideal candidate to integrate interoceptive, homeostatic and
contextual signals and guide the appropriate adaptive responses to threat. The PVT plays

a crucial role in expression of fear memories (131-135). Neurons in the PVT become tone-
responsive 24 hours after fear conditioning and show persistent increase in their spontaneous
firing rate (131). Retrieval of fear memories 1 week after learning requires recruitment of
PVT to the fear network. The PVT closely interacts with the tripartite circuit to calibrate
future behavioral responses. Silencing of prelimbic inputs to the PVT and PVT projections
to the CeA causes impairments in retrieval of week-old fear memories. Indeed, inhibition

of PVT interferes with learning-induced synaptic plasticity that occurs in the amygdala
(132). Similarly, in the context of extinction, silencing of infralimbic inputs to the PVT

and PVT projections to the CeA causes impairments in retrieval of week-old extinction
memories (135). The PVT is, thus, capable of modulating fear based on prior experience and
salience of the presented cues (136). It is plausible that the PVT engages distinct circuits for
expression of fear compared to extinction of fear. However, this hypothesis remains to be
tested.

A recent study by Ma et al., 2021 adds strength to the notion of that the PVT can
differentially engage downstream circuits, switching between active avoidance and passive
freezing behaviors (137). Neurons in the posterior PVT (pPVT) show increase in activity
during threat avoidance but remains suppressed during expression of freezing behavior.
Notably, the pPVT neurons projecting to the NAc and the CeA are anatomically and
functionally segregated such that the pPVT—NAc pathway facilitates active coping
strategies while the pPVT—CeA pathway facilitates passive strategies. Therefore, when
faced with threats, the PVT enables the selection of adaptive behaviors in a state- and
experience- dependent manner.

One of the potential pathways through which aversive signals reach the PVT is the
parabrachial nucleus (PBN). Activation of the PBN-PVT pathway causes animals to exhibit
fear and anxiety-like behaviors even in the absence of threats (138). This is consistent

with the notion that the PVT is broadly responsive to aversive states and regulates fear-
related behaviors (136-141). Lesion studies indicate that the PVT is required to mediate
neuroendocrine responses to chronic stress (142, 143). The PVT, therefore, integrates threat-
related signals with information regarding the emotional state of the animal to decide on the
appropriate behavioral strategy.
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5. Gating of sensory signals to modulate fear (Fig. 2B and Fig. 3B)

Gating mechanisms modulate information flow between distributed circuits, creating a
blueprint for neuronal activity patterns required to produce desirable behavior output.
Thalamic gating mechanisms allow for fine-tuning of cue- and context- related sensory
information (144-147). In the amygdala, thalamic afferents contacting the inhibitory
interneurons mediate sensory gating during learning CS-US fear associations (80, 148,
149). Convergent CS and US information in the amygdala is strengthened by thalamic
afferents, thereby, potentially conferring cue-specificity to distinct cell populations within
the amygdala (32). Additionally, thalamic control over the amygdala interneurons could
modulate rhythmic gamma-frequency oscillations in the amygdala that are essential for fear
discrimination and extinction (150, 151).

A single thalamic nucleus is functionally connected to multiple cortical and subcortical
regions and can thereby, drive efficient input-specific changes in dendritic excitability
through inhibition or disinhibition mechanisms. In this section, we examine the thalamic
gating functions by focusing on two main inhibitory systems, the thalamic reticular nucleus
(TRN) and the sub-thalamic zona incerta (Z1).

5.1. Gatekeeping of threat-related sensory sighals by the thalamic reticular nucleus

The TRN, a layer of GABAergic neurons encapsulating the anterolateral division of the
thalamus, provides a major source of inhibition to thalamocortical neurons. As a dynamic
inhibitory hub, the TRN gates information flow from different thalamic nuclei to the

cortex in a modality-specific manner and is well-positioned to modulate fear expression.
Thus, recruitment of TRN to the fear network allows for calibration of fear responses
through its connections with the cortex and amygdala. The TRN shapes cortical activity
patterns through its inhibition of the MGB. Desynchronization of MGB neurons by the TRN
reduces the likelihood of eliciting population-level responses in the auditory cortex (152).
Additionally, based on inputs received from the BLA, the TRN can suppress spontaneous
neuronal activity in the MGB (116). This subsequently causes amplification of tone-evoked
responses in the auditory cortex and can potentially facilitate appropriate fear associations.
Indeed, TRN neurons specifically increase their spiking responses to the CS during
extinction learning (153). Optogenetic activation of the TRN during extinction learning
facilitates the extinction process, while inhibition disrupts it. TRN’s control of extinction-
related fear inhibition is achieved through suppression of neuronal activity in midline
thalamic nuclei (including the paraventricular and mediodorsal thalamus) that synapse with
the CeA. Thus, the TRN through its connections to the cortical and subcortical networks
enables selection of relevant threat-related sensory information and shapes appropriate
behavioral expression of fear.

5.2. Calibration of fear responses by the zona incerta

The zona incerta (ZI), present directly beneath the thalamus, is a highly interconnected
structure with complex chemical heterogeneity and widespread connections throughout the
brain. Consistent with its extensive connectivity, the ZI has been implicated in modulating a
wide variety of functions including sensorimotor integration, risk assessment and behavioral
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flexibility under fearful or stressful states. Blocking synaptic transmission in the ZI disrupts
fear learning and subsequent recall of fear memories (154, 155). Under stressful conditions
such as fear conditioning at high shock intensities, chemogenetic activation of ZI can
abolish fear generalization. The observed reduction in fear response is due to dampening

of fear response to the neutral stimulus while leaving the response to the aversive stimulus
unaltered, suggesting a definitive role for ZI in mediating graded fear responses.

This remarkable level of association between ZI activation and specificity of fear responses
could indicate that the ZI is a site for integration of sensory and salient information. Indeed,
neurons in the ZI are responsive to a range of sensory stimuli (115, 156-161), allowing
them to integrate incoming information from the environment and choose the appropriate
behavioral strategy. Multi-channel recordings and c-fos studies from the ZI have revealed
that the neurons respond to auditory, visual, and somatosensory cues. Early lesioning studies
demonstrated the crucial role of ZI in sensory discrimination (115, 162-164). Interestingly,
deep brain stimulation of the ZI can ameliorate symptoms of anxiety and depression, and
enhance discrimination between fearful and non-fearful faces in a subset of Parkinsonian
patients (162). The ability of ZI to discern sensory signals is made possible, in part, through
incoming cortical information. During extinction of conditional fear responses, neuronal
activity in the rostral ZI ramps up to generate a reduction in freezing behavior. This increase
in activity is abolished with silencing of the mPFC, suggesting that ZI gates behavioral
responses based on threat-related information from the cortex (154).

The incoming stimulus- and threat-related cortical information, paired with the ability to
modulate thalamic nuclei, makes ZI an ideal substrate to synchronize and gates thalamic
activity to alter fear behaviors. The ZI exerts inhibitory control over “higher order” thalamic
nuclei such as posterior complex of the thalamus, and nucleus reuniens. For instance,

based on cortical somatosensory information, PV+ ZI neurons communicate with the
medial posterior complex of the thalamus to enhance defensive flight behaviors elicited

by tactile stimulation. On the other hand, the GABA+ ZI neurons collates multisensory
signals, enhances motivation, and drives predatory hunting behavior. In the context of
learned fear, stimulation of GABA+ cells in the ZI effectively suppresses fear responses

and enhances fear discrimination by acting mainly through its efferents in the thalamic
reuniens (115, 165). Together, these studies suggest that the ZI can regulate fear behaviors
by engaging distinct circuits based on environmental threats and the internal state of the
animal. The ZI can modulate sensory thresholds depending on arousal states (166—168).
The “state-dependent gating” hypothesis suggests that the ZI receives information regarding
sleep and wakefulness from the brain stem cholinergic system and modulates activity in
higher-order thalamic nuclei. Mounting evidence suggests that the ZI is not only sensitive to
arousal states, but also to other interoceptive (physiological?) cues such as stress and hunger
(157, 169-171), potentially through its connections to hypothalamus and insular cortex.
Therefore, it is plausible that the ZI facilitates selective engagement of the tripartite circuit
based on ongoing state-dependent demands like sleep, hunger and stress. However, this idea
is yet to be tested empirically.
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6. Associative plasticity (Fig. 2C and Fig. 3C)

Processing threat-related signals not only requires engagement of sensorimotor integration
and gating of relevant sensory information, but also establishing long-term maintenance
of learned associations between multimodal sensory signals and the aversive outcomes.
Learning-dependent plasticity in thalamic circuits is essential to establish, maintain and
update fear memories. This section aims to analyze the role of specialized thalamic nuclei
such as the reuniens (RE), and mediodorsal thalamus in associative learning.

6.1 Bridging interactions across the tripartite circuit through thalamic reuniens

RE is a ventral midline thalamic nucleus reciprocally connected to the mPFC and
hippocampus, and controls specificity and persistence of fear memories (172-174).
Muscimol-induced inactivation of RE following a weak fear conditioning procedure
enhances fear memory consolidation and fear generalization (173). Notably, the firing
pattern in the RE seems to differentially contribute to fear generalization. Phasic stimulation
of the RE during fear acquisition leads to increased fear generalization while tonic
stimulation reduces generalization of fear memories (174). This suggests that activity
patterns in the RE are directly related to suppression of fear responses. Importantly,
activity-dependent brain mapping studies have revealed increased cfos expression in the
RE following extinction learning and recall (175, 176). Subsequently, inactivation of the
RE prior to extinction training prevents extinction learning while RE inactivation prior to
retrieval impairs retrieval of the extinction memories (177). Together, these studies suggest
that RE should be online to achieve suppression of fear memories.

Within the tripartite circuit, suppression of fear responses is known to require activation of
the mPFC that in turn then drives inhibition of the hippocampus. The connection through
the RE has been suggested to mediate this cortical control of hippocampal processing.

The RE sends axon collaterals to mPFC and the hippocampus (178-180), forming a
disynaptic link that can potentially coordinate neural activity between the two structures.
Consistent with this idea, inactivation of mPFC inputs to the RE has effects similar to that
of RE inactivation, i.e., leads to an increase in fear generalization (174). The RE is then
well-positioned to exert its effects on the hippocampal-dependent memories by altering the
excitability of the hippocampus. Through its excitatory inputs to the CA1, combined with
the ability to activate local inhibitory neurons (181, 182), RE can elicit both feedforward
excitation as well as inhibition of hippocampal activity. Effectively, this allows the RE to
toggle between hippocampal activity states to potentially facilitate consolidation or updating
of fear memories.

Additionally, the RE is able to bring about suppression of fear responses through its
excitatory connections to the amygdala. A recent study has uncovered a role for the

poorly understood IL—~RE—BLA pathway in extinction of remote memories (183). Using
a closed-loop optogenetic approach, the authors show that increased activity in the RE
facilitates suppression of fear during remote fear extinction. Pathway specific inhibition

of RE-BLA projections impairs remote fear extinction and reduces extinction-associated
plasticity at the synapses. Therefore, it is evident that the RE encodes and transmits safety-
related information to the tripartite circuit. Further research is required to delineate the
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mechanisms through which the RE coordinates functional interactions within the tripartite
circuit and the extent to which these interactions contribute to fear inhibition.

6.2 Maintenance and updating of fear memories in the mediodorsal thalamus

7.

The mediodorsal thalamus (MD) plays a multifaceted role in cognitive processing and is
specifically involved in maintenance of fear memories through persistent thalamocortical
activity. Well-placed to influence the tripartite circuit, the MD communicates extensively
with the mPFC and amygdala (184-187). Early studies found that lesioning of MD
interfered with Pavlovian conditioning using eyeblink and heart rate conditioning paradigms
in rabbits (188-190). The lesions only mildly affect the animals’ ability to learn the
distinction between CS+ and CS-. However, when the animals are subjected to reversal
learning where the CS- is newly reinforced taking the form of CS+ and the CS+ becomes
CS-, MD lesions cause dramatic impairments in acquisition of the reversal task. This
suggests that the communication between MD and its cortical targets might be important
for learning complex associations. Yet it remains to be determined how MD activity might
contribute to fear discrimination.

Due to the dense excitatory reciprocal connectivity with mPFC, MD has been linked to
behavioral flexibility and thought to play a role in extinguishing learned fear memories.

MD shows increase in tonic firing during extinction learning that is directly related to the
animal’s performance during extinction recall (191). When low frequency stimulation is
applied to MD prior to extinction learning, it prevents prefrontal synaptic excitability to
return to baseline levels and suppresses fear extinction (192, 193). On the other hand, high
frequency stimulation of MD causes LTP-like changes in prefrontal excitability resulting in
enhanced extinction recall. These electrophysiological findings suggest that plasticity in the
MD-mPFC pathway is essential for maintenance of extinction memories. Interestingly, these
thalamocortical neurons can modulate their firing pattern between tonic and bursting modes
to alter fear extinction (191). While increase in burst firing of MD neurons suppresses fear
extinction, tonic firing facilitates it. In tonic firing mode these neurons act as faithful relays
where groups of neurons fire synchronously to facilitate effective transfer of information to
cortical neurons. Moreover, a recent study indicated that MD neurons can drive feedforward
inhibition in the BLA to suppress fear responses (187). Thus, the MD might be particularly
important for facilitating synchronizing activity across the tripartite circuit to maintain
multimodal fear memory representations and their behavioral relevance.

Future directions & Conclusion

In discussing emerging findings on thalamic and subthalamic function, we collate

evidence of distributed thalamic and subthalamic nodes that regulate several important

and distinct aspects of fear inhibition. Unlike labeled lines in sensory processing,

circuits involved in fear inhibition are distributed, thereby increasing the probability

of integration of information from multiple sources. Fear-related information is indeed
processed simultaneously along parallel channels and fear associations are encoded in
distributed areas across the brain, challenging the canonical role of tripartite circuitry in fear
processing. Thalamic and subthalamic regions multiplex multi-modal sensory information,
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integrate this information with input from the canonical brain regions that signal salience,
and drive distinct motor and autonomic responses via divergent downstream pathways

to alter fear expression and inhibition. Endowed with extensive connectivity across the
brain, these regions modify sensory information based on exteroceptive and interoceptive
demands. Thalamic and sub-thalamic gating can effectively drive differential engagement
of distributed, downstream fear ensembles, and engender behavioral flexibility in dynamic
environments. During states of increased emotional intensity such as high fear/stress
situations, these regions bias the cognitive strategies based on prior experience and current
status to choose appropriate behavioral outcomes. The active involvement of thalamus in
maintaining fear associations through thalamocortical loops highlights parallel streams of
information processing outside the tripartite fear circuit. The thalamic and subthalamic
networks engaged in fear processing are not merely alternative and redundant pathways, as
previously thought. Accumulating evidence suggest that these networks play a dynamic role
in switching fear behaviors such that certain circuits become dominant based on ongoing
demands. Gaining deeper insights into how brain-wide networks contribute to behavioral
flexibility and appropriate fear expression can inform us about the neurobiological and
physiological basis of stress, fear and anxiety.
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Highlights

Fear generalization and deficits in extinction learning are debilitating
dimensions of trauma- and anxiety-related disorders.

Our neurobiological understanding of these dimensions comes from a focus
on the amygdala, prefrontal cortex and hippocampus.

Traditionally viewed as relay stations, thalamic and sub-thalamic brain
regions are becoming increasingly appreciated for playing nuanced roles in
fear generalization and extinction learning.

Including thalamic and sub-thalamic regions in the conversation with the
amygdala, prefrontal cortex and hippocampus expands the neurobiological
canon of fear generalization and extinction learning.

From a more inclusive neuroanatomical framework comes better
opportunities to identify therapeutic strategies to suppress fear generalization
and rescue deficits in fear extinction.
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Figure 1: Canonical circuitry mediating fear inhibition.

The amygdala, prefrontal cortex and hippocampus make up the canonical tripartite circuit
that influences fear-related behavior. As one of the prominent sites of CS-US convergence,
the BLA contains dedicated neuronal ensembles that track the emotional valence of CS. In
the presence of a neutral or extinguished CS, the BLA indirectly acts on the CeA through
the ITC GABAergic cluster to inhibit fear. Additionally, the reciprocal communication
between IL and BLA can enhance inhibition of fear responses. Although the IL inputs

to ITC are sparse, these inputs are known to inhibit CeA output. However, the role
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of PL—BLA pathway in fear inhibition remains unclear. Bidirectional communication
between the hippocampus and amygdala is essential for contextual regulation of fear.

The hippocampus initiates pattern separation processes that facilitate distinction between
safety and danger. Through inputs to the mPFC (both PL and IL), the hippocampus can
then modulate fear expression. Coordinated activity in the tripartite circuit is essential for
expression of appropriate fear responses. Synchronization of neuronal oscillations between
BLA, hippocampus and PFC is presumed to support fear inhibition. Solid red arrows in the
figure indicate activation of an excitatory pathway and dashed arrows indicate suppression
of the pathway. Solid blue lines indicate inhibitory connections. PFC: prefrontal cortex; PL:
prelimbic prefrontal cortex; IL: infralimbic prefrontal cortex; HIPP: hippocampus; AMYG:
amygdala; BLA: basolateral amygdala; ITC: intercalated GABAergic interneurons; CeA:
central amygdala

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.

Page 24



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Venkataraman and Dias Page 25

A. B.
INTEGRATIVE HUB STATE-DEPENDENT GATING & RELAY

-\ Thalamic & TI;aI;mlic &
Sub-thalamic Sub-thalamic
Canonical / brain regions \ / brain regions '§

Fear Circuits

FEAR EXPRESSION
or
FEAR INHIBITION

C. MEMORY Thalamic & MEMORY
MAINTENANCE SubthaEmI UPDATING

brain regions

49 : 2.9
o0

:51 &9
o9

Fear Circuits "_ ‘

Figure 2: Thalamic and sub-thalamic mechanisms modulating fear.
A) The thalamus and subthalamus function as a central integrative unit that synthesizes

multimodal sensory information from the cortical networks and fear-related information
from canonical fear circuitry (Fig. 1) to modulate behavioral outcomes. Convergence of
sensory (auditory, visual, somatosensory and nociceptive) inputs in the thalamus and sub-
thalamus allows for fine-tuning of sensory information based on emotional relevance. In
section 4, we discuss the role of auditory thalamus and paraventricular nucleus in this
context.

B) More than a mere relay, the thalamus and sub-thalamus functions as a ‘modulator’

that can alter information flow in a state-dependent manner. Activity of thalamic and
subthalamic neurons is known to change dynamically during interoceptive states linked

to stress, sleep, hunger, arousal, motivation, and attentional states. Further, these neurons
can control forebrain activation and deactivation through inhibition of cortical information
flow, as well as employing coincident activity of multiple converging inputs to overcome the
inhibitory gate when necessary. Thus, associative and state-dependent information from the
thalamic and sub-thalamic nuclei can influence fear output. In section 5, we examine the
gating mechanisms employed by thalamic reticular nucleus and subthalamic zona incerta.
C) Thalamic and sub-thalamic circuits contribute to the maintenance (left) and updating
(right) of fear memory representations by sustaining neuronal activity through reciprocal
connectivity with the canonical fear circuits. Activity of cell assemblies (green, blue

and orange circles connected with solid lines) in the canonical fear circuits recruited
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to the memory trace, is sustained through thalamic activity. Functional dissociation
experiments suggest a strong role for thalamus in maintenance of memories via activity

in thalamocortical loops. In addition to active maintenance of learned information (as
evident in the thalamic reuniens discussed in section 6.1), updating of stored memory
representations (green, blue and orange circles connected with dashed lines) in the canonical
fear circuits also requires dynamic engagement of the thalamus (e.g., the mediodorsal
thalamus discussed in section 6.2). This helps in incorporating new information rapidly
based on appropriate environmental as well as internal contexts.
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Figure 3: Thalamic and subthalamic modulation of tripartite circuitry.
Schematic representation of direct connections between thalamic/subthalamic nuclei (in

pink rectangle) and the canonical tripartite circuit including the medial prefrontal cortex
(mPFC), hippocampus (HIPP) and amygdala (AMYG). The thalamic and subthalamic
regions are engaged in processing fear starting from the early stages of sensory processing
to choosing appropriate behavioral strategies. Through their extensive connectivity, these
highly distributed, parallel thalamic pathways play a critical role in reinforcing and fine-
tuning activity in the tripartite fear circuit.

A. The auditory thalamus and paraventricular thalamus are integrative hubs that synthesize
multimodal sensory information and emotional states. The auditory thalamus (MGB/LT) is
engaged in multisensory integration through its communication with the primary auditory
cortex (AC) and associative cortices, as well as the BLA. The PVT integrates cognitive
information from the mPFC, and nociceptive and stress-related information from the

PBN and is well-positioned to influence threat-related behavioral responses through its
projections to the BLA and HIPP.

B. The thalamic reticular nucleus (TRN) and zona incerta (ZI) facilitate gating of sensory
signals and calibration of fear responses according to ongoing situational demands. The
TRN directly influences thalamic signaling through its inhibitory connections to the auditory
thalamus and PVT, whereas the ZI controls activity in the RE and PVT. This inhibition
between thalamic nuclei may allow for selective state-dependent engagement of the tripartite
circuit. The functional role of connections between these inhibitory nuclei and tripartite
circuit remains to be fully understood.

C. The thalamic reuniens (RE) and mediodorsal (MD) nuclei are critical hubs that
coordinate functional interactions across the tripartite circuit. The RE contributes towards
the precise establishment and maintenance of associative memories, through its connections
to the mPFC and HIPP. The MD, with its extensive connections to the amygdala and mPFC,
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might be involved in tracking the behavioral relevance of threat-related signals and selecting
appropriate behavioral strategies.

Red lines indicate excitatory connections and blue lines indicate inhibitory connections.
Dotted lines indicate anatomical pathways that are yet to be examined in the context of

fear inhibition. MGB: medial geniculate body; LT: lateral thalamus; TRN: thalamic reticular
nucleus; PVT: paraventricular nucleus of the thalamus; RE: thalamic nucleus reuniens; ZI:
zona incerta; MD: mediodorsal thalamus; PL: prelimbic prefrontal cortex; IL: infralimbic
prefrontal cortex; BLA: basolateral amygdala; ITC: intercalated GABAergic interneurons;
CeA: central amygdala
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