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Abstract: Fear is characterized by distinct behavioral and physiological responses that are essential
for the survival of the human species. Fear conditioning (FC) serves as a valuable model for studying
the acquisition, extinction, and expression of fear. The serotonin (5-hydroxytryptamine, 5-HT)
system is known to play a significant role in emotional and motivational aspects of human behavior,
including fear learning and expression. Accumulating evidence from both animal and human studies
suggests that brain regions involved in FC, such as the amygdala, hippocampus, and prefrontal
cortex, possess a high density of 5-HT receptors, implicating the crucial involvement of serotonin in
aversive learning. Additionally, studies exploring serotonin gene polymorphisms have indicated their
potential influence on FC. Therefore, the objective of this work was to review the existing evidence
linking 5-HT with fear learning and memory in humans. Through a comprehensive screening of the
PubMed and Web of Science databases, 29 relevant studies were included in the final review. These
studies investigated the relationship between serotonin and fear learning using drug manipulations
or by studying 5-HT-related gene polymorphisms. The results suggest that elevated levels of 5-HT
enhance aversive learning, indicating that the modulation of serotonin 5-HT2A receptors regulates
the expression of fear responses in humans. Understanding the role of this neurochemical messenger
in associative aversive learning can provide insights into psychiatric disorders such as anxiety and
post-traumatic stress disorder (PTSD), among others.

Keywords: human fear conditioning; fear memory; serotonin; 5-HT receptor; selective serotonin
reuptake inhibitors (SSRIs); acute tryptophan depletion (ATD); 5-HTT polymorphisms

1. Introduction

Serotonin (also known as 5-hydroxytryptamine, or 5-HT) is a monoamine neurotrans-
mitter that plays a crucial role in various physiological and pathological processes in the
brain. It is an ancient chemical that existed in plants before the emergence of animal species,
underscoring its fundamental importance in biological system evolution [1]. Tryptophan,
the precursor of 5-HT, is an essential amino acid that is considered an integral part of the
functioning and evolution of both vertebrate and invertebrate species [2–4]. While 5-HT
is often referred to as the “happiness hormone” due to the positive effects of selective
serotonin reuptake inhibitors (SSRIs) on some depressive disorders, its functions extend far
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beyond mood regulation. 5-HT is involved in the regulation of anxiety, mood, learning,
memory, sleep, circadian rhythms, motor activity, locomotion, social interactions, social
status, aggressiveness, and more [3]. Scholars propose brain 5-HT has two key functions:
moderating anxiety and stress while promoting patience and coping [5,6], as well as facilitat-
ing adaptive psychophysiological reactions to threatening situations through plasticity [7].
5-HT is involved in both “passive coping” (tolerating psychological pain) and “active
coping” (actively dealing with psychological pain by changing one’s relationship with
it) [8]. Additionally, 5-HT has been implicated in aggressive behaviors and in the encoding
of social status in animals [9–11]. For instance, a seminal study in crayfish showed that the
amount of 5-HT in the nervous system is modulated after fights [12]. This study found that
the level of expression of the 5-HT receptors reflects the dominance of the animal involved
in the battle. The winner had higher levels of serotonin and a greater probability of mating,
therefore passing certain serotonin-related mutations [9,11]. It has also been suggested
that 5-HT acts on risk perception, affecting the decision-making process related to fight or
flight behavior [13,14]. This, in turn, affects fear learning and memory, which are crucial to
survival because they contribute to adaptive reactions to threatening situations [15–17].

From an evolutionary perspective, it is highly advantageous to retain vivid memories
of significant life experiences to learn from mistakes and avoid potential dangers in the
future [18–20]. However, when fear learning and fear memories become abnormal and
persistent, they can contribute to mental disorders like anxiety or post-traumatic stress
disorder (PTSD) [21–29]. 5-HT has been implicated in the development and maintenance of
these disorders, as well as depression [30–32]. Dysfunction in the serotonergic system can
lead to abnormal integration of environmental information, potentially contributing to the
development of these clinical conditions [33]. There is evidence suggesting that depression
and anxiety are associated with alterations in associative fear learning [34–38]. Alterations
in the 5-HT system may contribute to the pathogenesis of these clinical conditions [39],
given the involvement of 5-HT in strengthening synaptic connections related to affective
learning [40–42].

Humans are highly sensitive to potential threats [43–47] and can predict danger based
on learned fear, an ability crucial for activating defensive behaviors and ultimately in-
creasing the likelihood of survival [48–50]. 5-HT has a significant influence on affective
processes [51–53]. Numerous studies, involving both animals and humans, have investi-
gated the role of 5-HT in fear learning and memory using the well-established Pavlovian
fear conditioning (FC) paradigm [54,55]. Indeed, FC is the most widely used experimental
paradigm used for investigating the psychophysiological processes and neural mecha-
nisms underlying the learning of potentially dangerous events [56,57]; it is also considered
a useful laboratory model for understanding the neural and psychophysiological bases
of psychopathologies such as anxiety disorders or PTSD [17,58–63] and studying social
attitudes [64].

FC represents the process by which a stimulus comes to evoke fear after being paired
with an aversive event [65]. In the FC paradigm, an initially neutral stimulus, such as a tone
or an image (conditioned stimulus—CS), is presented in close temporal and contingent
association with an aversive stimulus, such as a mild electric shock or unpleasant sound
(unconditioned stimulus—US). Through repeated pairings, the CS acquires the property
to elicit fear responses (conditioned response—CR) that were previously evoked by the
US [48,57,66]. The dependent variables in FC typically include behavioral or physiological
responses, such as freezing, changes in skin conductance response (SCR), startle response,
and heart rate measures [57,67]. FC is widely used in several species, including humans,
and there are several variants of the classical protocol [48,57]. For example, researchers have
explored immersive reality versions of the Pavlovian FC protocol, leveraging the growing
interest in metaverse applications in the fields of psychotherapy and rehabilitation [68].
These immersive reality versions have shown equivalent [38] or even better results [69]
than standard paradigms in terms of efficiency in FC and extinction. The metaverse
offers solutions that overcome the limitations of low ecological validity presented by the
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scenarios displayed on computer screens. It allows individuals to perceive themselves
within simulated environments, facilitating experiences similar to those in reality [70–75].

Over more than a century of research utilizing the FC paradigm, our understanding
of the neural bases of aversive learning has significantly advanced [76–80]. Modern neu-
roimaging techniques have expanded our knowledge of the brain networks underlying
FC in humans [81]. Consistent findings across studies have demonstrated the crucial
role of the amygdala in the acquisition and expression of conditioned fear, while the pre-
frontal cortex (PFC) and hippocampus have been implicated in various aspects of the
FC process, including acquisition, storage, retrieval, expression, and contextual modula-
tion [18,78,81–83]. Specifically, the acquisition of the CS-US contingency requires coordi-
nated processes supported by an extended brain network involving cortical and subcortical
areas [34,36,50,66,84–88]. Among these areas, the amygdala, particularly the basolateral
nucleus (BLA), plays a critical role in establishing the association between the CS and US
and translating them into autonomic reactions [15,16]. Furthermore, FC engages other
regions such as the insula [82,89] and the anterior cingulate cortex [89], which are regions
associated with emotion and defensive reactions. Recent evidence indicates that the PFC,
especially the medial PFC (mPFC), is responsible for the long-term storage and retrieval of
fear memories [90]. Moreover, scholars have suggested that the ventral part of the mPFC is
critical for fear acquisition [76]. Lastly, the hippocampus provides contextual information
related to learning, and studies have shown its crucial role in encoding and conveying
contextual representations through its projections to the amygdala, which ultimately induce
defensive behavior [91–93].

On the other hand, repeated presentation of the CS without the US typically leads
to the gradual weakening of the CR, known as extinction [94]. During extinction, a new
inhibitory association is formed, allowing the organism to discern between safe and dan-
gerous contexts. The extinction process involves a new learning process that occurs in
addition to fear acquisition [94], and it is supported by the integrated functioning of
the FC network [19,56,95,96]. Research across different species has provided evidence of
the phylogenetic conservation of the brain mechanisms underlying fear acquisition and
extinction [19,56,95,96].

In sum, fear acquisition, memory, and extinction critically depend on the interplay
between subcortical and cortical areas [97]. The amygdala plays a key role in the acqui-
sition and expression of fear, while the PFC and hippocampus help to regulate the fear
response based on contextual information, determining whether a situation is safe or dan-
gerous [98–100]. The amygdala, hippocampus, and PFC contain a significant number of
5-HT receptors [68,101–104]. The amygdala, in particular, exhibits a high density of 5-HT-
releasing fibers originating from the midbrain’s raphe nuclei [105]. Studies have shown
that stress conditions and the presentation of US during FC increase 5-HT concentration in
the amygdala [106–108]. Additionally, both BLA and mPFC exhibit increased extracellular
5-HT levels after contextual conditioning [106,109,110].

To date, numerous studies have provided evidence regarding the role of 5-HT in
aversive learning, primarily based on animal models. Conducting research in humans
presents challenges due to environmental and demographic factors, as well as limitations
in studying brain functioning with the necessary spatial and temporal resolution [67,104].
Despite these challenges, evidence supports the importance of 5-HT in threat learning in
humans as well [111]. In fact, manipulations of 5-HT levels are widely used in the treatment
of anxiety disorders in humans [112–116].

It is important to note that there is a considerable amount of evidence highlighting
the key role of 5-HT in human aversive learning. However, results in this field are often
presented in a heterogeneous manner between animal and human experiments. Given the
previous premises and the clinical impact of treatments involving modulation of the 5-HT
system, it is crucial to provide an updated review of the existing literature that addresses
the role of 5-HT in human fear memories.
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The human 5-HT system has been extensively studied using a range of methods. These
approaches encompass enhancing the 5-HT system using selective SSRIs, suppressing it
through acute tryptophan depletion (ATD) and 5-HT antagonists, and investigating the
impact of natural variations in 5-HT-associated genes on fear learning and memory.

To assess the effects of 5-HT system modulations, researchers have used physiological
measures reflecting autonomic nervous system activation, such as SCR, electrocardiogram
(ECG), and eye blink startle response, as well as imaging techniques like functional magnetic
resonance imaging (fMRI) and positron emission tomography (PET). Moreover, some
studies have relied on explicit self-reports as outcome measures.

The objective of the present systematic review was to gather and synthesize the
existing literature on the involvement of 5-HT in fear learning and memory in humans.
Specifically, we examined the influence of three factors: (i) SSRIs and other 5-HT modulators;
(ii) Tryptophan depletion; and (iii) 5-HT-related gene polymorphisms. These factors were
analyzed across 29 articles to investigate their influence on fear learning and memory. Our
work provides a comprehensive qualitative overview of the evidence on the role of 5-HT in
fear learning and memory in humans. We discuss the results of the review in light of the
interactions between genetic factors, brain mechanisms, and behavior in the context of 5-HT
and fear learning and memory. Overall, this work contributes to our understanding of the
mechanisms underlying fear-related processes and offers insights into potential therapeutic
interventions for fear-related disorders.

2. Methods

The search of relevant articles was conducted in the PubMed and Web of Science
(WOS) databases on March 2021, using the following keywords: “threat conditioning”,
“serotonin”, “fear”, “fear conditioning”, “fear memory”, and “5-HT”, with the additional
keyword “humans” searched in All Fields. The search strategy involved considering all
other keywords in the Title and Abstract searches within both PubMed and WOS.

Inclusion criteria were defined as follows: English papers investigating fear learning
and/or memory in humans using conditioning paradigms or other suitable methods to
study fear-associated memory. Studies that explored the role of 5-HT through genotyp-
ing, brain imaging, 5-HT precursor manipulation (e.g., tryptophan depletion), or SSRI
administration were also included.

Two researchers independently evaluated all the selected papers to ensure they met
the inclusion criteria. Papers meeting these criteria were downloaded for a comprehensive
review in both databases, and further evaluation led to the exclusion of papers that did not
meet the inclusion criteria. Finally, the results of independent screening and inspections of
PubMed, WOS, and other sources (e.g., references) were compared and duplicates were
then removed. In total, 714 studies were considered, out of which 29 were ultimately
included in the final review.

The exclusion criteria were as follows: animal studies, studies not written in English,
review articles, and studies not using FC paradigms. Despite the limited number of studies
on clinical samples (n = 2), they were not excluded and will be discussed in this review. The
step-by-step outline of the search procedure is presented in Figure 1, following the format
of the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
diagram [117].

The included papers are presented in two sections: (1) studies using the administration
of SSRIs, other 5-HT receptor antagonists, or tryptophan depletion without investigating
the potential effects of gene polymorphisms; and (2) studies specifically focusing on in-
vestigating gene polymorphisms. Within each section, the reviewed papers are presented
chronologically, starting from the earliest to the most recent publications.
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Figure 1. PRISMA diagram.

3. Results
3.1. Studies on 5-HT Modulators or Tryptophan Depletion without Genotyping

The studies in this section investigate how 5-HT levels affect fear learning. We also
included a study that assessed brain 5-HT levels through PET imaging, without using any
of the experimental manipulations mentioned above.



Brain Sci. 2023, 13, 1197 6 of 29

3.1.1. Effects of SSRIs and Other 5-HT Modulators

A pioneering study by Hensman et al. [118] examined the potential effects of ritanserin,
a selective antagonist of 5-HT2 receptors in the brain, on aversive learning. The study
utilized a single-trial Pavlovian FC paradigm. The participants were exposed to 10 neutral
tones (CS) during the habituation phase. In the acquisition session, one CS was paired with
a sudden aversive burst of white noise (US), followed by another 10 CS presentations in
the extinction phase. The results indicated that participants receiving ritanserin showed
reduced amplitude and spontaneous fluctuations of SCRs during the extinction phase.
This suggests that reducing 5-HT levels might impair the acquisition and/or physiological
expression of fear as measured by SCR and its spontaneous fluctuations [118].

To further investigate the role of 5-HT in human fear learning, Hetem et al. [119]
administered d-fenfluramine (FEN), a drug that increases 5-HT levels by stimulating
synaptic release of 5-HT and blocking its reuptake into presynaptic terminals (SSRI). The
same FC paradigm used in the previous study [118] and a simulated public speaking (SPS)
task were adopted to assess anxiety. The results showed that FEN administration led to
decreased anxiety levels in the SPS task, in a dose-dependent manner (15 and 30 mg).
However, there was no effect of the drug on SCR amplitude or fluctuations following the
presentation of the CS during the extinction phase [119].

Hellewell et al. [120], using the same FC paradigm procedure as in Hensman et al. [118],
investigated the effects of three different drugs on aversive conditioning. The drugs
tested were buspirone (an azapirone, 5-HT1A partial agonist), fluvoxamine (an SSRI), and
diazepam (a benzodiazepine). Buspirone led to faster extinction of fear responses, but it
also resulted in faster SCR habituation. Similar effects were reported for fluvoxamine and
diazepam. The authors proposed that such effects were attributed to the inhibitory effects
that these drugs have on the dorsal raphe 5-HT2 system [120].

In another study by Silva et al. [121], the effects of the antidepressant agent nefazodone
(an antagonist of 5-HT2A receptors and inhibitor of 5-HT transporter) were assessed on SCR
using the FC paradigm of Hensman et al. [117]. The study found a significant reduction
in spontaneous fluctuations of SCR during habituation and extinction phases, but only in
the 200 mg group. This implies a reduction in arousal after drug administration, which is
believed to reduce 5-HT levels in the brain. Additionally, the authors reported increased
anxiety measured by an SPS task after drug administration [121].

Grillon et al. [122] investigated the effect of acute citalopram (an SSRI) administration
on fear responses. The researchers employed a fear-potentiated startle paradigm to measure
two types of threat responses: phasic cued fear and sustained startle potentiation. Phasic
cued fear was assessed by comparing the startle response before and during stimulus
presentation, while sustained startle potentiation was measured by comparing startle
responses during inter-trial intervals of predictable and unpredictable conditions with the
neutral condition. The authors implemented an instructed FC paradigm where participants
were fully informed about contingencies and could observe them on a monitor during the
experiment. The results indicated that prior to the initiation of conditioning, citalopram
administration did not affect the amplitude of the startle. However, citalopram increased
fear, potentiated startle responses to threat cues, and sustained potentiated startle responses
to unpredictable shocks. Additionally, the drug increased the contextual startle potentiation
in the early phase of the FC [122].

In a subsequent study by Grillon et al. [123], employing the same procedure as in their
earlier work [122], the researchers examined the effects of administering citalopram for two
weeks in healthy participants. This study revealed a significant effect on contextual anxiety
(i.e., sustained startle potentiation) but not on cued fear. Interestingly, despite increased
5-HT levels in the active group, no differences in short-duration fear-potentiated startle
were observed between the two groups (as measured by the difference between startle
response during the presentation of the stimulus and ITI). The authors suggested that the
administration of this specific SSRI for 2 weeks in healthy individuals led to a decrease
in “conditioned” sustained anticipatory anxiety due to the long-duration diffused cue.
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This differential effect of citalopram administration was attributed to potential inherent
differences between the neural mechanisms in the brain regulating the two types of learning,
namely cued fear versus contextual anxiety, which would involve the central nucleus of
the amygdala (CeA) and the bed nucleus of the stria terminalis (BNST), respectively [123].

Bui et al. [124] conducted a study to investigate the impact of escitalopram, another
SSRI, on fear acquisition and extinction in healthy humans. Participants were administered
either 10 mg/day of escitalopram or a placebo for two weeks. Following the treatment,
a FC paradigm was carried out over two days, comprising habituation and acquisition
on day 1 and extinction on day 2. Electric shocks served as the US, and SCR was used
as the physiological measure. The study revealed that escitalopram had no effect on fear
acquisition, but it did enhance extinction learning [124]. The absence of escitalopram effects
on fear acquisition is consistent with Grillon et al. [123], who reported that citalopram
had no impact on cued fear responses despite showing an anxiolytic effect on anxiety-
potentiated startle.

Åhs et al. [125] explored whether individual differences in the regulation of sero-
tonergic transmission, measured by means of PET with [11C]-DASB, a 5-HT transporter
radioligand, could predict the magnitude of fear learning in a FC task. The authors reported
a negative correlation between fear learning and the binding potential of [11C]-DASB in
the brain regions associated with FC. Increased absorption of this tracer is linked to lower
synaptic 5-HT levels [126], and reduced systemic 5-HT levels have been found to diminish
conditioning efficacy [127]. The study found negative correlations between acquisition of
fear and DASB binding in the right amygdala, dorsal anterior cingulate cortex (dACC), and
anterior insula, as measured by PET [125].

In a recent study, Gorka et al. [128] utilized the same FC paradigm employed by Gril-
lon et al. [122] to compare the effects of two interventions, SSRI and cognitive behavioral
therapy (CBT), in a clinical sample of patients with principal fear and distress/misery disor-
ders. The study aimed to observe changes in startle magnitude in response to unpredictable
threats. The results showed that individuals with fear-based disorders exhibited higher
baseline startle magnitudes when compared to healthy controls. Interestingly, from pre-
to post-treatment, patients who underwent CBT showed a reduction in startle magnitude
during unpredictable threats, while those on SSRI did not exhibit the same reduction.

Overall, these findings offer moderately consistent results on the effects of 5-HT mod-
ulators on fear expression. In studies using 5-HT antagonists, fear learning was interfered
with, as these substances suppressed fear responses or facilitated the extinction process,
as evident from reduced SCR levels during extinction. Conversely, studies employing
different FC paradigms reported that acute administration of SSRIs and other 5-HT ago-
nists enhanced fear learning. However, prolonged administration of these agents did not
alter cued fear responses; instead, they primarily affected anxiety symptoms, leaving fear
unchanged. Refer to Table 1 for a summary of studies on the influence of SSRI and other
5-HT modulating drugs on fear learning.
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Table 1. Summary of studies on SSRIs or other 5-HT-modulating drugs and fear learning. ** = Studies without SSRI administration but involving 5-HT level
evaluation by PET scan.

Study Design Outcome
Measure(s)

Type of
Manipulation

Effect of
Manipulation N (Male/Female) Type of CS/US Brief Statement of Findings

Hensman et al.
(1991) [118]

Between group
double blind SCR Ritanserin (10 mg) 5-HT antagonist 30 (15/15) Tone/White noise

Reduced SCR amplitude and
spontaneous fluctuations in the

extinction phase

Hetem et al. (1996)
[119]

Between group
double blind SCR d-fenfluramine

(15 mg or 30 mg) 5-HT agonist 42 (27/15) Tone/White noise
Decreased anxiety during a
public speaking task but no

effects on FC

Hellewell et al.
(1999) [120]

Between group
single blind SCR

(a) Buspirone (5 mg),
(b) Diazepam (2 mg),

(c) Fluvoxamine
(25 mg)

(a) Azapirone
(b) Benzodia-zepine

(c) SSRI
50 (25/25) Tone/White noise Decreased SCR in both

habituation and extinction

Silva et al. (2001)
[121]

Between group
double blind SCR Nefazodone (100 mg

or 200 mg) SSRI 29 (9/20) Tone/White noise
Decreased level of SCR

fluctuation in both habituation
and extinction

Grillon et al.
(2007) [122]

Within group
Double blind cross

over

Eye blink startle
response

Single dose of
Citalopram (20 mg) SSRI 18 (9/9)

Geometric colored
shapes/Electric

Shock

Increased phasic and sustained
fear-potentiated startle

Grillon et al.
(2008) [123]

Between group
double blind

Eye blink startle
response

Two weeks of
Citalopram (20 mg) SSRI 28 (19/9)

Geometric colored
shapes/Electric

shock

Decreased sustained anxiety
but not phasic cued

fear potentiation

Bui et al. (2012)
[124]

Double blind
randomized placebo

controlled
SCR

Two weeks of
Escitalopram

(10 mg)
SSRI 38 (23/15)

Yellow circle,
white

square/Electric
shock

Facilitation of extinction
learning but not acquisition

Åhs et al. (2015)
[125]

Within group SCR
PET NA ** NA 16 (8/8)

Geometric
shapes/Electric

shock

Lower 5-HTT in amygdala,
insula, and dorsal anterior
cingulate cortex predicts

increased SCR during
fear learning
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Table 1. Cont.

Study Design Outcome
Measure(s)

Type of
Manipulation

Effect of
Manipulation N (Male/Female) Type of CS/US Brief Statement of Findings

Gorka et al. (2017)
[128] Mixed group Eye blink startle

response

Two weeks of
Sertraline,
Fluoxetine,
Paroxetine,

Escitalopram, or
Citalopram

(variable dose)

SSRI 72 (52/20)
Geometric colored

shapes/Electric
shock

No effect of SSRI
administration on magnitude

of startle response
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3.1.2. Effects of Acute Tryptophan Depletion (ATD) on 5-HT Levels

Tryptophan is an essential amino acid found in various proteins in both animals
and plants. Since the body cannot synthesize it, it must be acquired through the diet.
Besides serving a structural role in the body and participating in protein construction,
tryptophan also acts as the precursor of 5-HT [129]. The ATD technique has been employed
to investigate the impact of 5-HT reduction in FC (for a review, see [130]).

In a study by Robinson et al. [131], researchers used ATD in an experimental paradigm
similar to the one adopted by Grillon et al. [122] to examine its potential effects on phasic
fear versus sustained anxiety. The results showed that fear-potentiated startle was not
affected by ATD. However, anxiety-potentiated startle was increased by it, suggesting that
the lack of 5-HT may lead to heightened anxiety, as measured by the startle response [131].

Hindi Attar et al. [127] used a standard ATD paradigm to lower the level of 5-HT in
the brain. They investigated the effects of this depletion on fear learning using a Pavlovian
classical conditioning paradigm in which aversive temperature changes on the skin were
used as the US. The difference between predicted and actual outcomes, known as prediction
error (PE), was used as a regressor in the fMRI conditioning task. The results showed
that 5-HT depletion impaired fear leaning, as evidenced by decreased PE signals in the
right amygdala and the left orbitofrontal cortex (OFC, involved in affective regulation).
The study also found that 5-HT depletion reduced behavioral expectancy ratings and SCR
levels when anticipating an aversive stimulus (i.e., being exposed to CS+ and expecting US).
Overall, the study provides evidence that 5-HT plays a significant role in fear acquisition
and in brain areas associated with fear learning. It suggests that a decreased level of 5-HT
in the brain can directly hinder the process of fear learning [127].

In the most recent ATD study, Kanen et al. [132] investigated how reducing the level
of 5-HT affects fear expression and extinction in a two-day FC paradigm. On the first day,
all participants underwent the acquisition of FC without any manipulations in the 5-HT
system, using two different CS+. Subsequently, extinction of only one of the two CS + was
performed. One group of participants then underwent ATD through diet modifications,
while the other group received a placebo. On the second day, the spontaneous recovery
procedure was followed by a re-exposure to all CSs. Immediately after, the fear reacquisition
procedure was administered in the same way as the acquisition procedure that occurred on
the first day. The results showed that ATD reduced the fear response to both CS+ during
spontaneous recovery. Furthermore, the higher the levels of tryptophan depletion, the lower
the fear associated with SCs was. In conclusion, the authors showed how diminished levels
of 5-HT blunt emotional responses to threatening stimuli during spontaneous recovery and
that this effect positively correlated with uncertainty and anxiety scores as measured by
the IUT survey [132].

In general, the results of studies that used ATD as an experimental manipulation ap-
pear to be moderately consistent. Both Kanen et al. [132] and Hindi Attar et al. [127] showed
that 5-HT reduction blunts fear responses, even though they used different paradigms and
outcome measures. Intriguingly, Robinson et al. [131] showed that 5-HT reduction does not
have an effect on phasic fear but increases sustained anxiety. This result seems to be in line
with evidence found by Grillon et al. [123], in which an increase in 5-HT levels caused by
acute administration of citalopram reduced contextual anxiety. Substantively, both studies
that have used drugs and those that have used ATD to modulate serotonin levels seem
to argue in favor of a central role for 5-HT in fear learning. Broadly speaking, it appears
that an increase in 5-HT levels causes an increase in physiological fear responses, while a
decrease in 5-HT causes the opposite effect. However, the results in question should be
interpreted with caution for different reasons. Indeed, the studies considered used different
conditioning paradigms and different outcome measures that are difficult to compare. Also,
some studies show effects on different physiological and behavioral components of the
“fear” system (i.e., cued fear or contextual anxiety), which depend on both the manner of
drug administration (chronic or acute) and the type of paradigm used. Based on these
premises, it can be concluded that 5-HT is essential in fear learning processes. However,
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the precise mechanisms by which 5-HT influences these processes remain unclear. Refer to
Table 2 for a summary of studies investigating the effect of ATD on fear learning.

Table 2. Tryptophan depletion studies.

Study Design Outcome
Measure(s)

Type of
Manipulation

N
(Male/Female) Type CS/US Brief Statement of

Findings

Robinson et al.
(2012) [131] Within group

Eye blink
startle

response
Dietary 20 (13/7)

Geometric
shapes/Electric

shock

Increased startle
potentiation to

contextual threat
(sustained anxiety) but
not explicit threat cues

(cued fear)

Hindi Attar et al.
(2012) [127]

Mixed design
Between subject

Double blind

SCR
fMRI Dietary 39 (39/0)

Geometrical
shapes/Increased

temperature

Decreased fear response
during fear acquisition in

both fMRI and
autonomic responses

Kanen et al.
(2021) [132]

Between group
double blind SCR Dietary 47 (29/18)

Geometrical
shapes/Electric

shock

Decreased fear response
in spontaneous recovery

3.2. Investigations of Genetic Modulation of 5-HT in Fear Learning and Extinction

The studies in this section investigated the impact of different gene polymorphisms
related to the 5-HT transporter (5-HTT) and their interaction with other genetic variations
and environmental factors on the processes underlying FC.

In a seminal study, Garpenstrand et al. [133] examined the impact of 5-HTT and
monoamine oxidase type A (MAOA) gene polymorphisms on fear learning and extinction
using electric shock and SCR. The authors found that differences in fear acquisition and
extinction were related to MAO-A protein activities and 5-HTT genotypes. They reported
that carriers of the short (S) alleles of the 5-HTT-linked promoter region (5-HTTLPR)
polymorphism showed better fear acquisition but not extinction compared to carriers of
the long (L) alleles. Furthermore, participants with low MAO-A activity exhibited better
fear acquisition, providing further evidence for the role of 5-HT in human FC [132].

Another study by Lonsdorf and colleagues [134] studied the potential effects of 5-HTT
gene polymorphisms involved in fear acquisition and expression. The results showed that
carriers of the S allele had a greater startle in response to CS+ both during the acquisition
and extinction sessions, which were 24 h apart. This evidence emphasizes the interdepen-
dence between genetic components and human behavior and may also be interpreted in
light of the findings regarding the connection between the S allele and neuroticism as well
as an increased risk of developing anxiety disorders [134].

In a study by Crişan et al. [135], an observational FC paradigm was used to investigate
the effect of 5-HT gene polymorphism on social FC. During the paradigm, participants
watched a videotape of a classical FC session without being directly exposed to the US them-
selves (i.e., vicarious FC). The results showed an acquisition of fear through observation,
and further analysis revealed a significant effect of the S allele on the SCR levels in response
to the CS+. Additionally, the Heart Rate Variability (HRV) analysis revealed a significant
effect of the S allele on vagal tone, indicating less vagal tone and increased sympathetic
activity compared to L-homozygotes [135]. This provides a mechanistic explanation for
associations between genetic variability in 5-HT function and psychophysiological mea-
sures of emotional learning, showing increased sympathetic responses to threat in S allele
carriers, reflecting modulation of fear responses, and thereby converting active defensive
behavior to freezing.

Another study by Klumpers et al. [136] found that participants with at least one S
allele for the 5-HTTLPR polymorphism exhibited stronger fear-potentiated startle under
threat in an instructed FC paradigm. However, the downregulation of the fear response
(measured by a startle response to a delayed startle stimulus after the onset of the fear cue)
was not significantly different between the carriers of the S and L alleles (not in the context
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of fear extinction but conceptualized as less startle response shortly after the stimulus
onset) [136].

In their study on fear memory and reconsolidation processes, Agren et al. [137] in-
vestigated the relationship between 5-HT- and dopamine-related polymorphisms and fear
memory reconsolidation using a three-day FC paradigm (for a review of this paradigm,
see [138]). The authors focused on a reactivation procedure (CS+ presentations without
US on day 2), which triggers the reconsolidation of the previously learned fear memories
(acquired on day 1 of the experiment). Participants underwent fear extinction either within
a 10-min window after reactivation or outside the reconsolidation time window (after 6 h).
Interestingly, S allele carriers who performed extinction outside the reconsolidation period
showed an increased response to CS + during re-acquisition on day 3 [137]. This study
provides evidence for the role of 5-HT gene polymorphism in fear memory re-acquisition
and reconsolidation, emphasizing the importance of the timing of extinction with respect
to the reconsolidation window, especially for S allele carriers.

Hartley et al. [31] investigated genetic variations related to the 5-HTT polyadenylation
polymorphism (STPP). Carriers of the G allele polymorphism exhibited reduced functioning
of the 5-HTT, leading to increased availability of 5-HT in the synaptic cleft. The study
utilized a two-day FC paradigm. On the first day, fear acquisition and extinction phases
were performed, and on the second day, another extinction session was conducted to
assess the retention of extinction learning or spontaneous recovery of the previous aversive
learning. The authors reported a linear increase in spontaneous fear recovery, trait anxiety,
and depressive symptoms as a function of the overall number of the risk alleles G of STPP.
Interestingly, a similar pattern was observed in knockout mice, further supporting the
significant impact of this polymorphism on fear extinction [31]. In a classical conditioning
paradigm, Hermann et al. [88] demonstrated that carriers of the S allele exhibited greater
activation of the insula, a relevant brain region in FC. This increased activation was observed
both in response to CS during late acquisition and in response to US. Additionally, carriers of
the S allele who experienced a higher number of traumatic events showed a lower response
of the amygdala during extinction. These individuals also displayed greater expression of
fear responses and reduced activation in the left amygdala during extinction. Furthermore,
carriers of the T allele of the TPH2 polymorphism, which affects 5-HT synthesis, exhibited
enhanced responsiveness in the amygdala during acquisition and in the vmPFC during
extinction. Notably, the combined influence of the two polymorphisms was associated with
higher responses in dACC during extinction. Although the 5-HTTLPR genotype did not
have a significant effect on differentially conditioned SCR, S allele carriers with a higher
number of traumatic life events exhibited enhanced differential SCR during late acquisition.
This emphasizes the importance of gene and environment interactions for a detectable
outcome in peripheral physiological responses [139].

Klucken et al. [140] also investigated the impact of genetic and environmental factors
on FC. In their study, participants were genotyped for 5-HTT-related genetic variations
and subjected to a FC paradigm with SCR assessment. The study also utilized fMRI to
evaluate individual differences in cerebral activity during FC. The results showed that S
allele carriers exhibited a greater differential response to CS+ compared to CS- in brain
areas involved in fear learning, including the right amygdala, left thalamus, bilateral insula,
and bilateral occipital cortex. However, no significant differences were found in the SCR.
Additionally, carriers of the S allele with a higher number of stressful life events showed
hyperactivity in response to CS+ in the insula and occipital cortex [140].

Glotzbach-Schoon et al. [141] investigated the influence of 5-HTT polymorphism and
the neuropeptide S (NPS), which has been reported to affect arousal, fear, and anxiety
responses, on potential vulnerability to anxiety disorders. The research involved the
context of the FC paradigm in a virtual reality environment. The results revealed that
individuals carrying both the S and T alleles of the 5-HTTLPR and NPSR1 polymorphisms
exhibited a stronger FC response to anxiety-inducing context during the late acquisition
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phase. This suggests the role of 5-HT polymorphisms as possible predictors of anxiety
disorder development.

Furthermore, the authors observed that participants with both S+/T+ (5-HTT/NPS)
alleles demonstrated extinction of the conditioned response 24 h after consolidation, indicat-
ing improved fear learning and extinction. Conversely, participants with only one S allele
(5-HHT) showed continued discrimination for the CS during extinction [141]. Moreover,
the NPSR1 polymorphism seemed to modulate implicit but not explicit learning of fear,
suggesting that the 5-HT system may influence amygdala-dependent learned fear but not
explicit assessment of threatening contexts.

Heitland et al. [142] investigated the potential influence of 5-HTT and corticotropin-
releasing factor (CRF) polymorphisms on fear acquisition and expression. The participants
underwent a FC paradigm in a virtual reality environment, and the conditioned response
was measured using the eyeblink startle reflex. The results revealed that participants carry-
ing both the G allele of CRF and the S allele of 5-HTT showed an increase in uninstructed
cue-driven fear acquisition. This effect was observed only for uninstructed fear acquisition
and not after explicit instructions on the contingency of the conditioning paradigm (i.e.,
instructed FC). This suggests that the combination of these two genetic variations influ-
ences FC at the level of defensive reflexes rather than at the cognitive level [142]. Notably,
considering the CRF polymorphism, participants with C/G heterozygotes did not exhibit
conditioning to the threat cue, whereas such conditioning was present in C/C homozygotes.
This finding highlights the importance of both 5-HTT and CRF polymorphisms in fear
learning and expression.

In a revision of the same investigation [143], scholars reported an additional interaction
between CRHR1 and the triallelic 5-HTTLPR variant in relation to cued fear acquisition,
contrasting with earlier results. The revisited study confirmed previous findings concerning
the CRHR1 G allele but revealed an additional interaction with another variant of the 5-HTT
polymorphism.

In a clinical multicenter trial by Straube et al. [144], researchers explored the impact of
the HTR1A 5-HT receptor on FC using fMRI in a clinical sample of panic disorder patients
with agoraphobia. The study found that GG carriers exhibited increased activity in the
amygdala and hippocampus in response to threat and safety cues both before and after
cognitive behavioral therapy [144].

Subsequently, Klumpers et al. [145] investigated how 5-HTT-related genetic variations
can influence brain and physiological activity during threat anticipation, using a classical
conditioning paradigm. The results demonstrated a mediating effect of dorsomedial
prefrontal cortex (dmPFC) in threat signal processing, with greater activation in S allele
carriers in both uninstructed (classic) and instructed FC paradigms. The study highlights
how a genetic variation in the 5-HTT gene affects dmPFC activity during fear acquisition,
observable through SCR or startle response [145].

The study conducted by Baas and Heitland [146] investigated the relationship between
5-HTR1A gene polymorphism and individual variability in contextual fear response in
humans using a contextual FC paradigm. The results showed that individuals carrying the
C allele of the 5-HTR1A gene displayed an increased contextual fear response, measured by
fear-potentiated startle. Additionally, concerning subjective fear ratings, the polymorphism
significantly affected fearful responses to the cue but not to the context, indicating a
dissociation between physiological measures and subjective ratings [146].

In another clinical study by Wannemueller et al. [147], researchers hypothesized that S
allele carriers suffering from phobia might exhibit different response to exposure-based
treatments. The study involved verbally assessing the level of fear related to phobic stimuli
at different time points (before, immediately after treatment and at 7 months follow up).
Participants then underwent standardized exposure treatments for different types of phobia.
The results showed that the SS carriers exhibited reduced fears immediately after treatment,
similarly to LL carriers. However, in the follow-up session, SS allele carriers exhibited a
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strong return of fear compared to LL carriers [147], suggesting that in the long term, they
may struggle to inhibit responses to previously threatening stimuli.

Finally, Schipper et al. [148] conducted a study to investigate fear learning, specifically
bradycardia (a measure of heart rate) associated with freezing behavior, in both animals
and humans, while also considering the role of the 5-HTT polymorphism. The study
revealed an association between 5-HTT availability and parasympathetically-mediated
bradycardia during threat anticipation for CS. In human individuals with the 5-HTTLPR S
allele carriers and 5-HTT knockout rats, the response to the CS+ threat was particularly
pronounced and consisted of a heightened bradycardic reaction. Additionally, researchers
observed reduced mPFC activation and increased threat-related connectivity between the
amygdala and periaqueductal gray (PAG) in these individuals. These findings suggest
that the 5-HTTLPR polymorphism may influence the way the brain processes threat cues,
with S allele carriers displaying a stronger fear response than LL carriers [148], potentially
indicating an increased risk for anxiety disorders.

Collectively, these data have highlighted the effect of 5-HT-related gene polymor-
phisms on aversive learning. Carriers of the 5-HTT S allele exhibit enhanced social fear
learning, while C carriers show increased contextual fear responses, providing supporting
evidence of the role of 5-HT in fear learning. Moreover, these results suggest a broader
social influence of 5-HT-related polymorphisms (especially the S and T alleles) on human
behavior, potentially contributing to the development of maladaptive aversive associations
and, in turn, increasing the risk of anxiety disorders. Refer to Table 3 for a summary of
studies on gene polymorphism.
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Table 3. Summary of studies on gene polymorphisms. *** = Virtual reality.

Study Outcome Measure(s) Polymor-phism N (Male/Female) Type of CS/US Brief Statement of Findings

Garpenstrand et al.
(2001) [133] SCR 5-HTT

MAOA 40 (14/26) Geometric
shapes/Electric shock

Both 5-HTT and MAOA polymorphisms could explain
variation in fear learning (S allele carriers showed increased

fear response during acquisition)
Lonsdorf et al.

(2009) [134]
Eye blink startle response

SCR 5-HTT 48 (25/23) Face stimuli/Electric
shock

Only carriers of S allele exhibited conditioned startle
potentiation in both acquisition and extinction

Crisan et al. (2009)
[135]

SCR
Electrocardiogram 5-HTT 32 (9/23) Geometric shape/Electric

shock
Increased fear response during social FC task in

5-HT S-carriers
Klumpers et al.

(2011) [136] Eye blink startle response 5-HTT 82 (22/62) Face stimuli/Electric
shock

S carriers showed stronger FPS during fear learning but no
deficit in fear downregulation

Agren et al. (2012)
[137] SCR 5-HTT

COMT 66 (28/38) Images of colorful
lamps/Electric shock

S allele carriers who underwent extinction outside
reconsolidation time window showed an increased fear

response in the reacquisition phase (day 3).
Hartley et al.
(2012) [31] SCR STPP 141 (54/87) Geometric

shapes/Electric shock
Increased spontaneous fear recovery and impaired extinction

retention in G allele carriers of STPP
Hermann et al.

(2012) [88]
SCR
fMRI

5-HTT
TPH2 74 (37/37) Geometric

shapes/Electric shock
Increased Insula activation in response to both CS and US in

S allele carriers

Klucken et al.
(2013) [140]

SCR
fMRI 5-HTT 47 (47/0) Geometric

shapes/Aversive pictures

Greater response to CS+ in right amygdala, left thalamus,
bilateral insula and bilateral occipital cortex in

S allele carriers
Glotzbach-Schoon
et al. (2013) [141]

Eye blink startle response
SCR

5-HTT
NPSR1 80 (31/49) Context ***/Electric

shocks
Only carriers of both S+/T+ alleles showed higher startle

responses in acquisition
Heitland et al.
(2013) [142] Eye blink startle response 5-HTT

CRHR1 146 (59/87) Context ***/Electric shock Increased FPS to threat context in participants carrying both
G allele and S allele during uninstructed FC

Heitland et al.
(2016) [143] Eye blink startle response 5-HTT

CRHR1 205 (59/87) Context ***/Electric shock Additional interaction between CRHR1 and triallelic
5-HTTLPR variant on acquisition

Straube et al.
(2014) [144]

fMRI
SCR HTR1A 39 (13/26) Geometric shapes/White

noise

Increased activation of the amygdala and hippocampus in
response to fear cues and safety cues before and after

treatment in GG carriers

Klumpers et al.
(2015) [145]

SCR
Eye blink startle response

fMRI
5-HTT 168 (120–48) Geometric shapes, face

stimuli/Electric shock
Fear related dmPFC was increased in S allele carriers during

threat learning
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Table 3. Cont.

Study Outcome Measure(s) Polymor-phism N (Male/Female) Type of CS/US Brief Statement of Findings

Baas & Heitland
(2015) [146] Eye blink startle response 5-HTT 150 (60/90) Context ***/Electric shock Enhanced contextual FPS response in C-carriers

Wannemueller
et al. (2018) [147] Self-reports 5-HTT 157 (25/132) Fear mental images

Phobic S allele carriers showed greater return of fear
7 months after undergoing exposure-based

phobia treatments
Schipper et al.
(2019) [148] Heart rate 5-HTT 104 (104/0) Visual stimuli/Electric

shock
S allele carriers displayed significantly stronger fear

bradycardia to CS+
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4. Discussion

In this review, a detailed examination of the findings reveals the significance of 5-HT
levels in the brain for various aspects of FC. Researchers have explored two main ap-
proaches: first, they experimentally manipulated 5-HT levels using SSRIs or other 5-HT
receptor agonist/antagonist agents, or by depleting the 5-HT precursor Tryptophan. Sec-
ond, they investigated the effects of natural variations in 5-HT/T or 5-HT-related gene
polymorphisms on FC and fear memory. The overall results suggest a link between higher
5-HT levels and enhanced fear learning in humans.

Numerous studies have emphasized the importance of specific brain regions in FC, par-
ticularly the amygdala [91,92], hippocampus [149], PFC [34,50,76,88,150–153], insula [81,139],
and anterior cingulate cortex [89]. These regions house significant populations of 5-HT re-
ceptors [101–104,154,155], providing a strong rationale to explore the impact of 5-HT on fear
learning. Additionally, studies have revealed a genetic influence on 5-HT levels in the brain,
with carriers of a specific polymorphism (S alleles) exhibiting higher 5-HT levels [156,157].
Moreover, evidence suggests that contextual FC is modulated by an interaction between
5-HTTLPR polymorphisms and the NPS receptor gene [141]. These findings complete the
puzzle, proving a solid basis for investigating the relationship between genes and fear-related
behavior, mediated through 5-HT levels in the brain.

4.1. SSRI Studies

SSRIs are the first-choice treatment for anxiety and mood disorders [122,158,159]. They
work by selectively or exclusively blocking the reuptake of 5-HT [160], thus increasing its
availability in the synaptic cleft and elevating overall 5-HT concentration. The level of 5-HT
in the brain leads to various behavioral and physiological effects in both animals [3] and
humans [161], particularly in the context of FC [125]. On this basis, SSRIs have been used
as experimental manipulations in some of the reviewed articles using different types of
FC paradigms (for a comprehensive review of different FC paradigms, see [57]). In this
context, it is important to take into account the mode of administration for 5-HT modulators,
specifically distinguishing between acute and chronic administration.

Studies have shown that acute administration of citalopram impacts fear potentiated
startle to threat cues and sustained potentiated startle [122], which serves as an exper-
imental model of anxiety. However, subchronic administration (i.e., for two weeks) of
citalopram [123] did not affect fear potentiated startle, aligning with the other studies
that reported no effect of subchronic administration of another SSRI, escitalopram, on fear
acquisition [124]. Instead, subchronic citalopram decreased sustained startle potentiation,
which is in line with the therapeutic effects of SSRIs on anxiety symptoms but not fear
symptoms. This dissociation can be attributed, at least in part, to different neural bases in
the brain regulating these two phenomena: cued fear is regulated by the CeA, whereas
sustained contextual anxiety is regulated by the BNST.

However, in pioneering studies within this research area, acute administration of FEN
(a 5-HT promoter) showed no effects on the conditioned response and resulted in decreased
anxiety, as evidenced by fewer SCR fluctuations [119]. Another study reported that ri-
tanserin administration, a 5-HT2 antagonist, either interfered with the learning process
by suppressing the expression of learned fear or facilitated the extinction process [118].
Nevertheless, it is important to consider that the paradigm used in that study involved
single-trial conditioning, requiring cautious interpretation of the results concerning the
role of 5-HT in learning. However, another study utilizing the same paradigm but with
different drugs (buspirone, fluvuxamine, and diazepam) yielded comparable results [120].
Furthermore, a relatively recent investigation examining the effects of different SSRIs [128]
found no impact of SSRIs on anxiety, as measured by the startle response, in a clinical
sample.

In studies using 5-HT modulating drugs, there is significant variation in paradigms,
types of drugs, and measures of learning or extinction. are sometimes widely different and
do not allow for direct comparisons of the results. For example, acute administration of
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citalopram can enhance cortisol levels [162], and since cortisol may facilitate fear learning
in the amygdala and the BNST [163], it becomes important to discuss the effects of a
5-HT promoting drug in the context of their interactions with other neurotransmitters
or hormones. This complexity is further compounded when considering studies that
use different types of SSRIs [128], as different drug manipulations can potentially affect
hormonal and neurotransmitter dynamics in the brain differently. This highlights the
necessity for further detailed investigations into the mechanisms of action of each specific
5-HT agonist/antagonist, particularly in the context of anxiety and fear. Emphasizing the
importance of a reliable and comprehensive experimental procedure is crucial to capturing
the intricate phenomenon of learning mediated by 5-HT.

ATD is a widely used experimental manipulation to investigate the role of 5-HT. In
this method, tryptophan, the precursor molecule of 5-HT, is temporarily removed from the
diet to reduce 5-HT synthesis in the brain [130,164–166]. A pioneering study employing
ATD to examine fear learning reported no significant effects on phasic cued conditioning.
However, ATD has been shown to disrupt fear acquisition on a neural and physiological
level, as evidenced by fMRI and SCR [127], and it has been associated with increased
anxiety as measured by the startle response [130]. These results are consistent with findings
by Grillon et al. [122] concerning anxiety, revealing a reverse pattern when 5-HT levels are
extinguished rather than promoted. Additionally, the study highlights the importance of the
measures adopted (startle response versus imaging and SCR) in capturing the phenomenon
of learning.

Furthermore, a recent study demonstrated that administering ATD one day after
conditioning significantly reduced the fear response during spontaneous recovery and
also attenuated the expression of previously acquired fear during this phase [132]. This
finding aligns with the results of Grillon et al. [122], where a reduction in 5-HT through
ATD led to a decrease in fear expression during spontaneous recovery, whereas an increase
in 5-HT facilitated fear expression. Notably, Grillon et al. [122] employed instructed fear
conditioning and concluded that acute citalopram administration facilitated fear expression
rather than fear learning or recognition. Indeed, the participants were fully informed about
the contingencies beforehand and could even see them on a monitor during the experiment.
However, it is important to acknowledge that making a direct comparison between these
findings might be challenging due to different methodologies and experimental designs.

4.2. Genetic Studies

Studies in behavioral genetics suggest that approximately 30% of the variations in
human FC [167] and the development of anxiety disorders [168] can be attributed to genetic
factors. While environmental factors, such as life-threatening experiences, have been shown
to increase the risk of anxiety disorders [169,170], genetic predispositions can also influence
fear learning, affecting acquisition and suppression processes [171]. In this context, several
studies have explored the impact of 5-HT-associated genes on fear-related processes like
acquisition, extinction, and memory (encoding, retrieval, etc.) in humans [54,167,172].

A prominent candidate investigated in numerous studies, akin to evidence from
animal models (for a review, see [54]), is the polymorphism in the promoter region of the
5-HT transporter gene (5-HTTLPR). The 5-HTT plays a crucial role in regulating 5-HT in
the brain by removing 5-HT from the synaptic cleft [156]. In humans, the expression of
the short (S) allele of 5-HTT is associated with a partial transcription of the long (L) allele,
resulting in lower functionality of 5-HTT and consequently higher 5-HT concentration in
the extracellular area [157]. Moreover, the S allele appears to be associated with increased
amygdala activity in response to emotional stimuli and higher trait anxiety [172,173].
Correspondingly, carriers of the 5-HTT S allele tend to report heightened trait and state
anxiety [157,174–177].

Considering this rationale, most reviewed studies have shown a significant influence
of 5-HT gene polymorphisms on fear learning and memory. In general, individuals with a
higher availability of 5-HT, due to the expression of the S allele, exhibit greater emotional
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reactivity to threatening stimuli. However, it is important to consider some differences
among the reported studies. The variability arises from differences in methodologies,
including outcome measures and experimental design (e.g., sample selection), contributing
to the relative inconsistency of some results (for a review of FC methodologies, refer to [57]).

Some of the studies reviewed found that 5-HTTLPR genotype influenced FC, as
measured either by the startle response, brain imaging, or both methods, but did not
influence SCR [134,139,140]. Conversely, other studies reported an effect of 5-HTT genetic
variations on FC using SCR [133,135]. The disparity in these results could be attributed to
the fact that genetic variations of 5-HTT may influence more fundamental aspects of fear
processing, which are detected by the startle response but not by SCR. The startle response
likely represents an ancestral automatic reaction to threats shared across various species,
reflecting activation of an innate defensive system directly connected to the amygdala.
Therefore, it serves as a relevant measure for automatic and implicit fear learning. In
contrast, SCR appears to be more sensitive to higher-level cognitive understanding of the
contingencies involved in the aversive learning paradigm [134,139].

Interestingly, some studies have not only demonstrated the effects of 5-HT-related
gene polymorphisms [31,133,142] but also other types of genetic variations, possibly even
their interaction [134], on aversive learning. The findings of Crişan et al. [135], showing that
carriers of the 5-HTT S allele exhibit improved social fear learning, extend prior evidence
on the role of 5-HT in individual learning to observational learning. This implies a broader
social impact of 5-HT-related polymorphisms on human behavior, which could contribute
to the development of maladaptive aversive associations, potentially leading to anxiety
disorders [178–181].

As a final point in this section, it is essential to underscore once again the significant
and dynamic interaction between genes and the environment. On the one hand, evidence
points toward genes exerting an influential role in brain function and behavior related to
fear learning [31,133–137,141]. On the other hand, environmental factors, such as traumatic
experiences, have demonstrated the ability to influence gene expression, either enhancing
or suppressing it [139,140,182]. In summary, both genetic factors and the environment play
crucial roles in shaping the processes of fear learning and its behavioral outcomes, and
their interplay should be taken into account to fully comprehend the complexities of this
phenomenon.

4.3. Sex, Serotonin, and FC

The studies analyzed in this review highlight the significant role of 5-HT in modulating
threat learning. However, it is important to acknowledge that other factors may also
influence the effects of 5-HT on fear learning and expression. Notably, a substantial body
of literature, mainly focusing on animal studies, has shown an interaction between 5-HT,
aversive learning, and sex differences [183–187]. While providing an extensive description
of these animal studies is beyond the scope of this review, it is relevant to outline certain
aspects regarding the potential involvement of sex in the context of the discussed human
studies.

Overall, the findings presented in this article, irrespective of the specific 5-HT manip-
ulations employed, demonstrate inconsistent and mixed results concerning the potential
impact of sex on the reported effects. Most of the reviewed studies did not distinguish
between the responses of female and male participants [119,124,125,131,133,137,144,148].
Additionally, some studies used male-only samples [127,140] or samples that were not
balanced for sex [121]. Furthermore, certain studies have shown no significant effect of
sex on the interaction between 5-HT and fear learning processes [123,132,135]. Lastly, the
limited number of studies reporting gender differences in the impact of 5-HT modulators
on fear learning pose challenges for comparison, primarily stemming from the utilization
of outdated experimental paradigms and the inclusion of generally small or heterogeneous
samples [118,120,121].
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Given the potential role of sex in fear learning, as indicated by the aforementioned ani-
mal studies, it is recommended that future human studies systematically and comparatively
examine the relations between sex, 5-HT, and emotional learning. Understanding how sex
may influence these processes holds significant clinical importance, especially considering
the asymmetrical impact of certain psychopathologies on females and males [183,188]. Such
insights could pave the way for the development of targeted therapies tailored to individual
needs and gender-specific responses, ultimately enhancing treatment effectiveness and
patient outcomes.

5. Conclusions and Future Directions

To explore the complex relationship between normal and abnormal behavior and its
link to brain functioning, a comprehensive and multidimensional perspective is necessary.
The studies reviewed here have employed diverse experimental approaches to investigate
the interplay of specific genetic variations, interactions with environmental factors, brain ac-
tivations, and behavior in the context of fear learning and memory in humans. For instance,
they reveal how carriers of a particular gene combination may become more susceptible
to anxiety or fear-related behaviors when exposed to identical traumas or environmental
influences. Although highly informative for clinical populations and understanding the
mechanisms underlying the development of fear and anxiety-related psychopathologies,
research on gene–environment interactions remains relatively scarce, warranting further
exploration.

Additionally, it is essential to further investigate the mechanisms by which different
SSRIs produce their effects. Investigations of this nature have the potential to provide
valuable insights that could have significant implications for clinical research. In this
context, it may be beneficial to distinguish the role of 5-HT in encoding and consolidation
memory processes, two distinct stages of the learning process [189], as this distinction
holds significance for tailoring therapeutic approaches and optimizing interventions for
fear-related disorders.

Other directions for future research involve the integration of further methodological
approaches into FC protocols. For example, it would be relevant to incorporate measures
of disgust processing/disgust sensitivity, given the evidence linking 5-HT to this affec-
tive/interoceptive experience [190–193], and this could enhance our understanding of
processes interlinked with affective learning, such as moral decision-making [194–196], and
predict emotional reactions to negative outcomes [197–202].

The advancement of virtual reality as a tool to study emotions and behavioral reactions
holds promise for investigating FC in controlled and ecologically valid contexts [38,141,203,204].
Integrating experiments conducted in virtual environments with genotyping techniques or
other experimental manipulations of the serotonergic system could provide valuable insights
into the role of 5-HT in various processes.

Finally, given the potential to impact fear memories using techniques such as tran-
scranial magnetic stimulation and transcranial electrical stimulation [34,88], the trajectory
of future FC research could effectively integrate state-of-the-art brain stimulation proto-
cols. These techniques could be used to map and regulate cortico-cortical interactions
between key cortical regions [205–209]. This would enrich the pharmacological and genetic
approaches discussed in this systematic review, ultimately fostering the establishment of
robust causal links between FC neural networks and 5-HT activity in fear learning processes.
These techniques hold significant promise not only for advancing our understanding of
these links but also for potential clinical applications [210–214], particularly in the realm of
anxiety disorders [27,152,153,215–217].

In conclusion, integrating these methodologies comprehensively within FC research
could help us further investigate the relevance of the neurotransmitter 5-HT in fear learning
and memory across both experimental and clinical settings. This integrative approach has
the potential to enhance our understanding of the mechanisms behind affective learning
and also provide deeper insights into a range of psychopathologies, such as PTSD and
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anxiety disorders. Ultimately, this research could inform the development of more effective
treatment strategies that are tailored to the distinctive characteristics of these mental health
conditions.
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