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ABSTRACT 

Fear-based disorders are highly disabling conditions and current 

treatments are not successful in many cases. Women present almost 

three times more life prevalence of these disorders than men. Recent 

research has shown that centromedial amygdala (CeM) tachykinin 2 

(Tac2) neurons are crucial for the regulation of fear conditioning (FC) in 

male mice. Here, we have found that systemic administration of a 

Neurokinin-3-Receptor (Nk3R) antagonist (osanetant) after cued-fear 

acquisition altered memory consolidation in a sex-opposite manner. 

Further, this pharmacological manipulation altered the normal rise in 

testosterone to FC in male mice. Interestingly, females only exhibited 

memory consolidation alterations when the drug was given in the 

proestrus stage of the estrous cycle (high estradiol and progesterone). 

Concordantly, chemogenetic silencing of CeM-Tac2 neurons after FC 

mimicked the memory consolidation alterations observed after systemic 

osanetant administration. Moreover, we used the novel object 

recognition paradigm to test the effect of a systemic blockade of Nk3R 

during memory consolidation. Further, we assess the expression of 

Estrogen Receptor Alpha, Estrogen Receptor Beta and Androgen 

Receptor and heterodimerization with Nk3R in the medial prefrontal 

cortex (mPFC) and dorsal hippocampus (DH) of mice. Nk3R systemic 

antagonism elicited decreased memory consolidation in males while it 

enhanced it in females during proestrus. Nk3R analysis in the different 

subregions of the mPFC and the DH showed a higher expression in 

males than females. Moreover, females presented upregulation of the 

Androgen receptor in the CA1 and the Estrogen receptor beta in the 

cingulate cortex, CA1, and Dentate Gyrus. Overall, males presented an 

upregulation of the Estrogen receptor alpha. We also explored the 

heterodimerization of GCPR membrane sex hormones receptors with 

the Nk3R. We found a higher percentage of Nk3R-membrane G-Protein 

Estrogen Receptors heterodimers in both mPFC and DH in females 
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suggesting an interaction of estradiol with Nk3R in memory 

consolidation. However, males presented a higher percentage of Nk3R- 

membrane G-Protein Androgen Receptors heterodimers in the 

Cingulate and Prelimbic Cortex pointing at the interaction of 

testosterone with Nk3R in memory consolidation. These data propose 

novel ideas on functional interactions between NK3R, sex hormones, 

Estrogen receptors, and Androgen receptors in memory consolidation 

which may be relevant for healthy individuals and psychiatric patients. 
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INTRODUCTION 

Fear is an adaptive reaction that an organism presents to the 

appearance of threats that can put its physical or mental integrity at risk 

(Davis, 1997; Maren, 2003). It is a fundamental process for the survival 

of a species since it allows identifying situations of danger and 

responding accordingly to them. Typically, the appearance of a threat 

elicits reactions that have been called the fight, flight, or freeze 

responses (Jones & Monfils, 2016). The fear response is an emotional 

reaction that involves cognitive, physiological, endocrine, motor, and 

sensory components oriented towards fighting the threat or escaping 

from it when this threatening situation appears (J. LeDoux, 2012; J. E. 

LeDoux, 2014; Watson & Rayner, 1920). 

Fear responses can be innate or acquired through classical 

conditioning (Maren, 2003; Ren & Tao, 2020). To demonstrate the 

acquisition of fear responses, Watson and Rayner carried out a famous 

study known as the Little Albert experiment (Beck et al., 2009; Mertens 

et al., 2020; Meulders, 2020). This research aimed to establish:  

1) if a healthy child could acquire a fear response to an unknown 

animal (a white rat),  

2) if this fear response could be transferred to other elements 

that were similar to the animal,  

3) and in case of acquiring the fear response, how long this 

memory lasted in time.  

At the start of the experiment, little Albert showed no fear of the 

rat. However, after presenting a loud noise that caused the child to cry 

whenever the child approached the rat, the rat acquired aversive 

connotations and its mere presentation was able to elicit a fear response 

in the child. Not only that, but little Albert generalized his fear response 
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to other objects and animals that presented a resemblance to the white 

rat (a dog, a coat, or wool). The third phase of the experiment could not 

be carried out, reportedly because the mother withdrew the child from 

the experiment. 

This experiment shows the pavlovian nature of most of the fears 

humans present during their lifespan. The study shows that a neutral 

stimulus (NS), which does not initially produce a fear response, when it 

is repeatedly paired with a stimulus that innately produces a fear 

response (unconditioned stimulus, US; unconditioned response, UR), 

acquires the ability to elicit a fear response (conditioned response, CR) 

by itself in the absence of the US, thus becoming a conditioned stimulus 

(CS) (Fanselow & Wassum, 2016; Fendt & Fanselow, 1999; Maren, 

2003; Sah, 2017; Sah et al., 2020a; VanElzakker et al., 2014). These 

acquired fears may be restricted to a specific cue, showing effective 

discrimination of the US, or appear in the presence of not conditioned 

cues, thus showing generalization of the CR to other stimuli which may 

resemble, or not, the original CS (Ahmed & Lovibond, 2015; Asok et al., 

2019; Bergstrom, 2020; Dunsmoor & Paz, 2015; Dymond et al., 2015; 

Grosso et al., 2018; Laufer et al., 2016; Olivera-Pasilio & Dabrowska, 

2020; Struyf et al., 2015). Similar to other conditioned behaviors, fear 

responses can also be extinguished. Fear extinction, the basis of 

exposure therapy for fear-related disorders, consists of repeated 

presentations of the CS alone, in absence of the US. Therefore, the CR 

diminishes along with the different appearances of the CS (Chang et al., 

2009; Farrell et al., 2013; Lebrón-Milad et al., 2013; Lonsdorf et al., 

2017; Myers & Davis, 2007; Walker et al., 2002). 

In the laboratory, fear conditioning (FC) is a valid and widespread 

tool to assess fear learning, retention, and extinction (Beckers et al., 

2013; Blechert et al., 2007; Daviu et al., 2014; Florido et al., 2021; 

Lonsdorf et al., 2017). Usually, rodents are introduced in a sound-
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attenuating chamber with a grid floor that delivers footshocks as the US. 

Different stimuli may be used as a CS (f.i. a tone or a light), and they are 

usually presented co-terminating with the footshock. Freezing behavior, 

which is considered as the lack of any movement but those needed for 

breathing, is usually considered a valid index of fear in rats and mice (D. 

C. Blanchard et al., 2001; Eilam, 2005; Fanselow, 1994; Gladwin et al., 

2016; Roelofs, 2017; Roelofs et al., 2010). Notwithstanding, other 

behaviors (for instance, darting) are starting to be studied as possible 

valid indexes of fear in rodents as a possible source of sex differences 

in fear responses (Archer, 1975; R. J. Blanchard & Blanchard, 1969; 

Gruene et al., 2015). Animals present an increase in freezing behavior 

with the different presentations of the CS+US pairings in the 

conditioning phase. Afterward, animals are tested for fear expression 

using a fear extinction paradigm, in which the presentation of the US 

alone decreases the freezing response along with the session.  

 

Figure 1. Schematic representation of a fear conditioning task. In red, the 
acquisition of fear through repeated pairings of the conditioned stimulus 
with the unconditioned stimulus. In blue, the fear expression/extinction 
phase in which only the conditioned stimulus is presented repeatedly. 
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Because of its pavlovian nature, this procedure allows the 

experimenter to take a deep look into the brain mechanisms of short-

term or working memory, memory consolidation, and long-term memory 

of fear. Further, and importantly, it is also considered a valuable tool to 

explore the mechanisms underlying fear extinction and the retention of 

extinction. 
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1. Neurobiology of fear. 

Fear memories are stored and retrieved in the brain by a cluster 

of different areas with high interconnectivity between them (do Monte et 

al., 2016; J. E. LeDoux, 2000, 2012). This brain circuitry is highly 

conserved among mammals, which allows the use of animal models of 

fear assuring translatability of the results to the human population. 

Classically, the circuitry responsible for emotional processing in the 

brain has received the name of the limbic system (Mogenson et al., 

1980; Rajmohan & Mohandas, 2007; Rolls, 2015, 2019; Sokolowski & 

Corbin, 2012). The limbic system is a group of brain areas such as the 

amygdaloid complex, hippocampus, corpus callosum, septum, olfactory 

complex, thalamus, prefrontal cortex, nucleus accumbens, and 

hypothalamus. These areas are linked and support the acquisition, 

retention, expression, and extinction of learned fears as well as innate 

fears.  

 

 

 

 

Figure 2. 
Sagittal 
plane of the 
human brain 
showing 
brain regions 
of the limbic 
system. 
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1. 1. Fear Conditioning. 

The amygdaloid complex is a group of nuclei located in the 

medial region of the temporal lobe. Anatomically, it is conformed by the 

Lateral Amygdala (LA), Basal Amygdala (BA), Medial Amygdala (MeA), 

and Central Amygdala (CeA) (Eleftheriou, 1972; Gallagher & Hollandt, 

1994; Humphrey, 1972; Lammers, 1972; Sah et al., 2003). Sensory 

information from the thalamus and sensory cortices reach the 

Basolateral Amygdala, which processes threatening cues and drives 

rapid fear responses through direct projections from the CeA to other 

brain areas such as the Periaqueductal Grey Matter, Hypothalamus, or 

the Bed Nucleus of the Stria Terminalis (J. LeDoux, 1992; Ressler, 

2010). Among these responses, we may find increased blood pressure 

and heart rate, bradycardia/tachycardia, panting, respiratory distress, 

corticosterone/cortisol release, increased startle response or freezing 

(Eilam, 2005; Gladwin et al., 2016; Hermans et al., 2013; Koba et al., 

2016; Natl et al., 2020; Öhman, 2007; Proverbio et al., 2015; Roelofs, 

2017). 
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The Lateral Amygdala receives direct inputs from sensory 

cortices and the thalamus. Some of these projections can elicit by 

themselves innate fear responses, such as painful stimuli. Others, like 

those that transfer tones or light information do not (Bauer et al., 2001; 

Maren & Quirk, 2004; Quirk et al., 1997; Sah et al., 2020b). Recent 

research uncovered the long-term potentiation molecular mechanisms 

that allow visual or tone information to elicit a fear response after 

repeated pairings with unconditioned stimuli (Dityatev & Bolshakov, 

2005; Lynch, 2004; Maren, 1999; Vazdarjanova & Maren, 2000). 

Glutamatergic neurons in the Lateral Amygdala are dense in N-Methyl-

D-Aspartic Acid (NMDA) receptors. The NMDA receptor is a Calcium 

channel that presents a Magnesium ion blocking the entrance of calcium 

inside the cell. When a neutral stimulus appears, such as a tone, it 

induces the binding of Glutamate to the NMDA receptor. 

Notwithstanding, Calcium ions cannot penetrate the cell due to the 

blockade caused by Magnesium. The presentation of an unconditioned 

stimulus excites the dendrites of these glutamatergic cells, causing the 

Magnesium ion to move outside the channel. Under that situation, if a 

neutral stimulus appears in this situation, Glutamate binds to the NMDA 

receptor and therefore creates a calcium current inside the postsynaptic 

cell. The entrance of calcium initiates a potentiation of the auditory-

amygdalar projection through diverse mechanisms mediated by a 

Calmodulin. Among these mechanisms, two downstream signaling 

cascades have been specially studied: the Protein-Kinase A (PKA) 

Figure 3. Schematic representation of the main inputs and outputs of 
information in the Amygdala. LA = Lateral Amygdala, BA = Basal Amygdala, 
CeA = CeA, BNST = Bed Nucleus of the Stria Terminalis, mPFC = medial 
Prefrontal Cortex, IT = Interstitial Nuclei Black arrows indicate 
inputs/outputs. The purple arrow indicate the information Flow in the 
Amygdala. 
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activation (Matsushita et al., 2001; Vitolo et al., 2002) and the 

Phosphoinositide 3-Kinase (PI3K) activation (Lin et al., 2001). Both 

downstream cascades converge in the cellular nucleus, enhancing the 

transcription of genes, such as CREB or b-Catenin, that strengthen the 

synapse by the formation of new synaptic buttons with the presynaptic 

neurons, or the transcription and posterior translation to the membrane 

of α-amino-3-hydroxy-5-methyl-4-isoxazolpropionic Acid (AMPA) 

receptors. These receptors will later allow the Lateral Amygdala neuron 

to depolarize in the presence of Glutamate and the absence of an 

additional potential coming from innate strength connections.  

 

 

 

Figure 4. Representation of molecular mechanisms that mediate long-
term potentiation in the Lateral Amygdala. US = Unconditioned Stimulus; 
CS = Conditioned Stimulus; in red NMDA receptors; in purple AMPA 
receptors; blue dots indicate Glutamate and yellow dots Calcium ions. 
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Synaptic plasticity in the Lateral Amygdala is required for fear learning, 

in a process that cognitively receives the name of memory consolidation. 

The administration of a Mitogen-activated protein (MAP)-kinase inhibitor 

in the Lateral Amygdala, a protein necessary for synaptic plasticity, 

before a fear conditioning task, impairs the consolidation of new fear 

memories as shown by a lower freezing response in comparison with 

animals that locally received vehicle (Duvarci et al., 2005; Schafe et al., 

2000, 2008).  

 

 

 

Figure 5. Synaptic plasticity in the Lateral Amygdala (LA) is required for 
auditory fear conditioning. (A) In this experiment, rats received injections of 
a MAP kinase inhibitor (U0126) or vehicle into the LA prior to fear 
conditioning. In vehicle-treated animals (left traces) field potential 
responses to the auditory CS (arrows) were enhanced during a long-term 
memory test (LTM) in both auditory thalamus (lower traces) and in the LA 
(upper traces). However, in animals injected with U0126 into the LA (right 
traces), neural plasticity was impaired in the LA but not in the auditory 
thalamus. These results therefore suggest that the MAP kinase inhibitor 
impaired synaptic plasticity locally in the LA. (B) The impairment in neural 
plasticity in the LA was correlated with impairments in the consolidation of 
auditory fear conditioning. Animals that showed greater impairment in 
neural plasticity displayed less fear responses to the CS during a long-term 
memory test. This suggests that plasticity in the LA is required for auditory 
fear learning and memory. Figure extracted from Sigurdsson et al., 2006. 
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Memory consolidation involves a series of mechanisms that includes 

synapses potentiation and systems consolidation. Thus, during fear 

conditioning, synaptic plasticity is not only observed in the Lateral 

Amygdala, but also in other areas such as the sensory thalamus, the 

CeA, or the Bed Nucleus of the Stria Terminalis. Altogether, these 

molecular mechanisms trigger the remodeling of the system 

cytoarchitecture to permit a rapid fear response in the presence of the 

newly conditioned stimulus. Systems consolidation of fear memory is 

strongly regulated by the hippocampal formation, as demonstrated by a 

lack of systems consolidation after the damage of the dorsal or ventral 

hippocampus (Oh & Han, 2020; Quillfeldt, 2019; Sutherland et al., 2008; 

Wiltgen & Tanaka, 2013). 

 

1. 2. Fear Extinction. 

As beforementioned, fear responses can also be diminished by the mere 

presence of the Conditioned Stimulus in the absence o an 

Unconditioned Stimulus in a process known as fear extinction (Chang 

et al., 2009; Lonsdorf et al., 2017; Myers & Davis, 2006; Walker et al., 

2002). During fear extinction, the freezing response executed by the 

rodent decreases with the repeated presentation of tones until reaching 

low values (Velasco et al., 2019). In the beginning, it was thought that 

this process was mediated by a depotentiation of the previously 

potentiated synapse. Instead, recent research has manifested that the 

time-lapse that takes between fear conditioning and extinction is what 

determines the mechanisms that underlie the decrease of the fear 

response (Myers et al., 2006). In this sense, short time intervals between 

fear conditioning and extinction may activate depotentiation 

mechanisms that decrease the strength of the long-term potentiation in 

the making. Notwithstanding, most of the fear extinction paradigms 
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occur after the consolidation of fear memories has occurred, therefore 

involving different mechanisms. 

Fear responses may be reinstated after fear extinction by exposing the 

animals to the unconditioned stimulus or a stressor (Laurent & 

Westbrook, 2010; Morris et al., 2005). Further, the mere pass of time 

after fear extinction may cause the spontaneous recovery of the fear 

response (Cruz et al., 2014; Quirk, 2002; Schiller et al., 2008). These 

phenomena suggest that, instead of a depotentiation process, the 

previously potentiated synapsis is temporarily silenced by a systemic 

process triggered by fear of extinction. In this line, fear research has 

highlighted the major role of the medial prefrontal cortex in the 

acquisition of this inhibition over the fear responses. Fear extinction is 

considered a new form of learning (Giustino & Maren, 2015; Marek et 

al., 2018; Milad & Quirk, 2002), in which inhibitory connections from the 

medial Prefrontal Cortex to the Amygdala are long-term potentiated. 

Similar to the acquisition of fear memories, the acquisition of extinction 

memories involves molecular mechanisms aimed at the inhibition of the 

amygdalar output and the reduction of the fear response (Santini et al., 

2004). In this sense, fearful memories compete with medial Prefrontal 

Cortex inputs in the production of a fear response. This pathway is 

strongly modulated by the Hippocampus, as shown by a highly 

dependent context efficacy of fear extinction (Bouton et al., 2008; Maren 

et al., 2013; Milad et al., 2005). 
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 1. 3. Contextual and auditory fear conditioning. 

In animal models, the Conditioned Stimulus usually employed is a tone 

(auditory fear conditioning) or a specific context (contextual fear 

conditioning). Both processes converge in the Amygdala, but they differ 

in the brain areas that encode and transmit environmental information. 

In the case of auditory fear conditioning, tones are perceived by the 

auditory system, which involves the thalamus and auditory cortices that 

project directly to the Amygdala. In the case of contextual fear 

conditioning, contextual information is encoded by the Hippocampal 

formation and later sent through direct projections to the Amygdala.  

 

 

 

 

 

Figure 6. Sagittal plane of the mouse midbrain showing inhibitory 
projections from the medial Prefrontal Cortex to the Amygdala. These 
modulatory connections are involved in fear extinction and therefore, 
potentiated with the acquisition of an extinction memory. The amygdala and 
medial Prefrontal Cortex compete in the formation of a fear response. 
mPFC = medial Prefrontal Cortex; AMY = Amygdala. 
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2. Fear-related disorders and sex. 

2. 1. Sex-dependent incidence of psychiatric disorders. 

Mental disorders do not distribute equally among the world population. 

The World Health Organization publishes yearly a study comparing 

Disability-Adjusted Life-Years (DALYs) between men and women in 

some of the most frequent psychopathologies, across different periods 

of the lifespan (“Global, Regional, and National Burden of 12 Mental 

Disorders in 204 Countries and Territories, 1990-2019: A Systematic 

Analysis for the Global Burden of Disease Study 2019,” 2022). 

 

 

 

Figure 7. Global DALYs by mental disorder, sex and age, 2019 DALYs = 
disability-adjusted life-years. Figure extracted from GBD 2019 Mental 
Disorders Collaborators, 2022 
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While mental disorders cause more disability to males between 0 and 

14 years old, this tendency is reversed in the range from 15 years old 

until the end of life. As observed, women tend to present more disability 

caused by depressive or anxiety disorders, while males’ disability is 

more related to developmental intellectual disorders or schizophrenia. 

Even more interesting, other studies address sex differences in fear or 

stress-related disorders. In this line, Bangasser and Valentino published 

a study (Bangasser & Valentino, 2014) comparing the lifetime 

prevalence of stress-related disorders between men and women.  

 

 

Women present a higher lifetime prevalence of fear-related disorders 

compared to men. Specifically, Post-traumatic Stress Disorder (PTSD) 

presents a 2.7 female to male ratio, indicating that females present 

almost three times the lifetime prevalence of PTSD in men, and Panic 

disorder is twice as prevalent in women than in men. In contrast, men 

present a higher life prevalence for other stress-related disorders, such 

as alcohol or drug abuse (0.4 female to male ratio). 

Taking together the data from different sources, it is concluded that 

women present a much higher life prevalence of fear-related disorders 

that causes a high disability if we compare these variables to men. 

Table 1. Sex differences in the prevalence of stress-related disorders. 
Adapted from Bangasser and Valentino, 2014. 
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Notwithstanding, basic and clinical research has classically suffered 

from a bias towards the study of the male subject, either in the human 

population, animal models, or cellular studies. This bias affects all fields 

of biomedical research, but it is especially relevant in Neuroscience and 

Physiology.  

 

 

Figure 8. Distribution of studies by sex and field in 2009. (A) Percent of 
articles describing non-human animal research that used male subjects, 
female subjects, both male and female subjects, or did not specify the sex 
of the subjects. (B) Percent of articles describing human research in the 
same categories. The zoology category was excluded because of 
insufficient use of human subjects in this field to form an accurate estimate. 
Extracted from Beery and Zucker, 2011. 
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After observing this ~ 1:5 female to male bias in Neuroscience research, 

it is clear that research in females has been neglected in the last 

decades. This is especially surprising given the fact that the lifetime 

prevalence of some psychopathologies in females, for instance, fear-

related disorders, is at least twice compared to males (Beery & Zucker, 

2011). 

Typical concerns about the use of females in Neuroscience include 

conventions or hormonal fluctuations caused by the estrous cycle 

(Shansky, 2019). This is an important question to address, due to their 

implications for future research and the efficacy and effectiveness of 

treatments. Recent research has highlighted that the variability in sex 

hormones is equal in males and females (Chen et al., 2021; Miguel-

Aliaga, 2022; Shansky & Murphy, 2021). While females present 

hormonal variability in terms of circulating estradiol concentration across 

3 to 5 days in rodents (or 27 to 29 days in humans), males also present 

a great variability in circulating testosterone levels regulated by 

circadian rhythms or seasons. Thus, the reason for the female-related 

variability in neural processes because of sex hormones variability is not 

valid to avoid research in females. Moreover, although conventionalism 

may have led neuroscientists to usually perform experiments in male 

subjects, this practice may a caused misgeneralization or results. The 

lack of reproducibility and generalization of results is important because 

of what it implies for treating psychopathologies. Poor knowledge of the 

female brain may have led to treatments against pathologies that do not 

reach the desired efficacy (Clayton & Collins, 2014; Zucker & Beery, 

2010).  

In female rodents, the estrous cycle is defined as the period that occurs 

between two consecutive phases of the sexual receptiveness of the 

animal. It is characterized by sex hormones fluctuations that modulate 

the sexual behavior of the mouse (E. Allen, 1922; Hansel & Convey, 
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1983). Moreover, in the last years, it has been established that this cycle 

also modulates other aspects of animal physiology such as brain 

function and, subsequently, behavior and cognitive processes (Cora et 

al., 2015; Florido et al., 2021; Marcondes et al., 2002). Although females 

present androgens, the typical sex hormones in male subjects, the 

concentration of these substances is quite low in comparison to males. 

Besides, these androgens typically serve as precursors for the synthesis 

of estrogens, the main sex hormones in females (Hammes & Levin, 

2019; Turcu et al., 2014). There have been identified three types of 

estrogens in females: estrone, estradiol, and estriol. Estrone is 

synthesized by aromatase from Progesterone and Estriol is aromatized 

androsterone, while Estradiol -the main sex hormone in females- is 

synthesized from testosterone by aromatization (McEwen, 2001). Other 

sex hormones that fluctuate during the estrous cycle include 

Progesterone, Follicle Stimulating Hormone (FSH), and Luteinizing 

Hormone (LH) (Velasco et al., 2019). According to the fluctuations of 

sex hormones across the estrous cycle, researchers have divided this 

cycle into four stages: proestrus (presenting a high concentration of 

Estradiol and Progesterone), Estrous (with a strong decay of sex 

hormones levels), Metestrus (representative for having the lowest 

concentration of sex hormones) and Diestrus (presenting a relatively 

higher concentration of Progesterone compared to Estrus and 

Metestrus but low Estradiol levels) (Maeng et al., 2015; Milad et al., 

2009). 

The estrous cycle differs from the menstrual cycle in women in different 

aspects. For instance, the phases of the menstrual cycle are divided into 

Early Follicular, Late Follicular, Mid Luteal, and Late Luteal. Estradiol 

peaks during the Late Follicular phase and stabilizes during mid-luteal, 

while the mid-luteal phase is characterized by a strong peak of 

Progesterone. Another difference between the rodent and human sex 
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hormones cycle is menstruation (Reed & Carr, 2018). While rodents do 

not present bleeding after ovulation, women show a typical bleeding 

every 28 days indicative of the loss and reabsorption of the oocyte. 

The estrous cycle has been shown to have a determinant role in fear 

extinction in female rodents and women. In rodents, peaks of Estradiol 

and Progesterone typical of the Proestrus phase of the estrous cycle 

enhance fear extinction, while this same process is enhanced in women 

after ovulation during the mid-luteal phase of the menstrual cycle 

(Velasco et al., 2019). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Scaled 
representation of 
estradiol and 
progesterone levels 
during the distinct phases 
of the estrous (rodent) 
and menstrual cycle 
(human). The result of 
subjecting females to 
Fear Extinction (FE) 
training during each 
phase is shown at the top 
as fear extinction recall 
(FER). The FER of 
females undergoing FE 
training under high or low 
estrogen states appears 
on the right. * denotes 
additional within-session 
effects of the cycle during 
FE training. D: diestrus, 
E: estrus, E2: estradiol, 
EF: early follicular phase, 
LF: late follicular phase, 
LL: late luteal phase, M: 
metestrus, ML: mid luteal 
phase, P: proestrus. 
Extracted from Velasco et 
al., 2019 



27 
 

 

2. 2. Aversive memories and fear-related disorders. 

Aversive memories are a strong component of a group of disorders 

known as fear-related disorders (de Quervain et al., 2017; C. S. Kogan 

et al., 2016). These abnormalities in human behavior have in common 

aberrant processing of threatening cues, that lead to an uncontrolled 

overactivation of the fear neurocircuitry. Current research is focused on 

increasing the effectiveness of treatments or finding new therapeutic 

targets that may have fewer side effects and increased efficacy (Flores 

et al., 2018). Nowadays, treatments for fear-related disorders are 

oriented towards the use of benzodiazepines, that tone down the 

amygdala and related structures, and antidepressant drugs to promote 

synaptic plasticity, conjugated with exposure therapy in a cognitive-

behavioral framework (Abraham et al., 2012; Acheson et al., 2013; 

Akirav et al., 2006; Bystritsky et al., 2013; de Quervain et al., 2017; Milad 

et al., 2014; Singewald et al., 2015). Although these treatments have 

shown some efficacy, this is limited and patients usually remit in a short 

time. Further, little research has focused on the prevention of this type 

of aberrant fear, probably because of the short time window to act on 

memory formation after an aversive association such as a traumatic 

event. Notwithstanding, the hours that follow the association of aversive 

events with neutral cues are an opportunity for medical intervention. An 

attenuated fear consolidation process would probably result in a 

decrease in symptoms frequency and severity. 
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3. Neuropeptidergic modulation of fear memories. 

Neuropeptides are cerebral proteins that act as neurotransmitters and 

neuromodulators (Hökfelt et al., 2018; Nusbaum et al., 2017; Russo, 

2017). These proteins regulate multiple brain processes, such as energy 

homeostasis, analgesia, sleep, sexual behavior, blood pressure or 

learning, and memory (Beuckmann & Yanagisawa, 2002; Borbély et al., 

2013; Clark et al., 1985; Concetti & Burdakov, 2021; Dornan & Malsbury, 

1989; Dyzma et al., 2010; Maywood et al., 2021; Ohno & Sakurai, 2008; 

Rosati et al., 2016; Schüssler et al., 2006; Steiger, 2007; White, 1993; 

Zaben & Gray, 2013). The neurotransmitter property of neuropeptides 

is mediated by G-coupled Protein Receptors (GPCRs), which typically 

modulate intracellular signaling cascades. Therefore, the Neuropeptide-

GPCR complex usually acts on several signaling cascades that promote 

diverse and complex effects on neurons (Marvar et al., 2021).  

These peptides have been shown to have a role in fear memory. For 

instance, Neuropeptide Y (NPY) receptor 1 (Y1R) knockout mice show 

impaired fear expression compared with wild-type mice; while NPY Y2 

Receptor (Y2R) agonism results in increased fear extinction and long-

term suppression of fear (Tasan et al., 2016; D. Verma et al., 2012). In 

the last decades, Vasopressin-Oxytocin interactions, Orexins and 

Tachykinins have been studied in fear memories due to their 

expression/interaction with the Amygdala. 

  

 3.1. Vasopressin and Oxytocin. 

Vasopressin and Oxytocin are neuropeptides that have been shown to 

be involved in different brain processes, such as aggression (Bosch & 

Neumann, 2012; Nelson & Trainor, 2007; Oliveira et al., 2021; Pagani 
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et al., 2011) or anxiety (Landgraf, 2006; Morales-Medina et al., 2016; 

Neumann & Landgraf, 2012). They are usually studied together since 

they represent an integrated system where each peptide exerts 

opposing roles. In the CeA, these peptides have been shown to excite 

different populations of neurons (Huber et al., 2005) and exert an 

opposite role in fear memories. CeM presents neurons that excite upon 

Vasopressin infusion, and these same neurons receive inputs from 

Oxytocin-expressing neurons in the Centrolateral Amygdala (CeL) that 

inhibit the CeM neurons (Viviani & Stoop, 2008). Microinfusions of 

Vasopressin in limbic areas have been shown to increase memory 

consolidation, whereas infusions of Oxytocin in the same regions 

decrease consolidation (Kovács et al., 1979). Recent findings highlight 

that this opposite effect of Vasopressin and Oxytocin are regulated by 

an opposite regulation of catecholamines in the limbic-midbrain areas 

and further modulate the activity of the Hipothalamic-Pituitary-Adrenal 

(HPA) axis (Kovács et al., 1979; Porter et al., 1988; Trembleau et al., 

1995). 

 

 3.2. Orexins. 

The orexinergic system is constituted by two different neuropeptides, 

Orexin-A and Orexin-B, exclusively synthesized in the Hypothalamus, 

that bind with different affinity to Orexin-1-Receptor (OX1R) and Orexin-

2-Receptor (OX2R). These receptors are G Protein-Coupled Receptors 

(GPCRs) whose effect is mainly related to the activation of the 

Phospholipase C (PLC) signaling cascade (Wang et al., 2018).  

These neuropeptides have recently been studied in fear-related 

disorders. Orexinergic projections from the Perifornical Hypothalamus 

to the CeA have been shown to depolarize OX1R, but not OX2R, 

triggering fear responses (Dustrude et al., 2018). Further, orexinergic 
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neurons in the hyopothalamus innervate norepinephrine neurons in the 

Locus Coeruleus (LC), modulating awareness and vigilance. These 

neurons in the LC project to the LA, increasing fear conditioning through 

OX1R. Optogenetic or chemogenetic stimulation of this circuit enhances 

fear responses, while its inhibition decreases freezing towards fearful 

cues (Soya et al., 2017). 

 

3.3. The Tac2 pathway in fear memory consolidation. 

The Tac2 gene is part of the family of the Tachykinins genes. In mice, 

there are two different Tachykinin genes, Tac1 and Tac2. The result of 

the Tac1 gene transcript is a pro-protein that, after synthesis, may 

produce two different products: substance P and Neurokinin A. The 

Tac2 is responsible for the synthesis of Neurokinin B (NkB). While 

substance P and Neurokinin A bind, respectively, to Neurokinin 1 and 2 

receptors (Nk1R, Nk2R); NkB binds to the Neurokinin 3 Receptor 

(Nk3R) (Marvar et al., 2021). 

In the Amygdala, Tac2 is expressed in a small portion of the CeA, 

located in its medial region. This area receives the name of 

Centromedial Amygdala (CeM). The gene expression profile in the 

Amygdala is different when compared 30 minutes and 2 hours after fear 

conditioning. Tac2 transcripts have shown to be one of the main 

upregulated genes in the CeA when comparing mice that received 

paired tones with footshocks against those who received unpaired tones 

and shocks. This data indicates a possible role for Tac2 transcription in 

the short-term after fear conditioning in mice. Further, the expression of 

Tac2 is quite restricted to the CeM, which represents the major output 

of the CeA, and hypothalamus (see Figure 9). Nk3R is also expressed 

in the CeA, and other brain areas, regulating fear processes. The 

systemic administration of the potent selective antagonist osanetant 
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against this receptor from 30 minutes before up to 1 hour after fear 

conditioning, decreases fear memory consolidation in male mice. These 

data were also replicated using a site-directed infusion of osanetant and 

optogenetic silencing of these neurons.  

Further, clozapine-N-oxide silencing of CeM-Tac2 neurons using 

Designer Receptor Exclusively Activated by Designer Drugs 

(DREADDs), a modified muscarinic receptor that can be inserted in 

neurons using an Adenoassociate Virus (AAV) (Roth, 2016), 

reproduced the decrease in fear memory consolidation in male mice 

(Andero et al., 2014). Notwithstanding, whether these manipulations 

affect fear memory consolidation in females remains unexplored and 

needs to be addressed. Moreover, whether Tac2 regulates other types 

of memory not linked to fear or emotion is also to be elucidated.  
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Tac2 and its transcript, NkB, have already been studied in the onset of 

puberty in female mice. It is expressed in Kisspeptin neurons of the 

hypothalamus and medial amygdala. Tac2 mRNA in the Arcuate 

Nucleus of the hypothalamus increases before puberty, and an 

increased expression of Nk3R and NkB are sufficient for the onset of 

puberty in females (Gill et al., 2012). Considering the previous data, it 

remains important to elucidate the role of Tac2 in memory formation in 

both sexes. 

 

 

 

 

 

 

 

 

 

 

Figure 9. Differential Regulation of Tac2 Gene Expression in the Amygdala 
during Cued-Fear Conditioning. (A) With average linkage hierarchical 
clustering of an RNA microarray, there is a differential gene 
regulation 30 min and 2 hr after auditory fear conditioning (FC) when 
compared to home cage group (no FC). n = 4 per group. (B) Tac2 mRNA 
levels are rapidly upregulated in the amygdala during fear consolidation 30 
min after fear conditioning. *p % 0.05 versus HC and 2 hr. n = 7–8 per 
group. (C) Tac2 upregulation occurs when the conditioned stimulus 
(acoustic tone) and the unconditioned stimulus (electric footshock) are 
paired but not when they are unpaired. *p % 0.05 versus HC and unpaired. 
n = 11–15 per group. Mean + SEM is shown. (D) Tac2 expression by 
radioactive in situ hybridization in the amygdala is restricted to the central 
amygdala (CeA) with highest expression in the CeM amygdala. Scale bar, 
1 mm. Figure extracted from Andero et al., 2014. 
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HYPOTHESES AND OBJECTIVES 

Oxytocin, Vasopressin, Orexins, and Tachykinins have acquired an 

important role in the modulation of fear memories in recent years. 

Oxytocin and Vasopressin interactions are widely studied in male and 

female rodents, and recent studies also include females in the study of 

Orexins in fear. Notwithstanding, the knowledge of Tachykinins in the 

modulation of fear memories and related behaviors is restricted to 

males. To further understand how Tachykinins regulate fear memories, 

the following hypotheses and objectives are proposed: 

1) Osanetant, a potent selective Nk3R antagonist, has previously been 

shown to decrease fear memory consolidation in male mice when 

administered after fear conditioning. In this study, we hypothesize that 

the administration of the same dose of osanetant in females after fear 

conditioning will reduce fear memory consolidation. 

To that end, we will use male and female mice for a fear conditioning 

task and they will receive osanetant 5 mg/kg 30 minutes after fear 

conditioning. All mice will be tested for fear expression 24 hours after 

the administration and freezing will be taken as a measure of fear. 

2) Given that chemogenetic silencing of Centromedial Amygdala Tac2 

neurons in male mice has shown to decrease fear memory consolidation 

in male mice, we hypothesize the same effect in female mice.  

To address this question, we will use Tac2-Cre mice and we will 

inoculate an Adeno-associate virus to produce the expression of an 

inhibitory DREADD (Designer Receptor Activated by Designer Drugs). 

8 weeks after the infection, male and female mice will undergo a fear 

conditioning task and they will receive a single dose of Clozapine-N-

Oxide (CNO) 30 minutes after conditioning. Animals will be tested for 

fear expression 24 hours after the administration of CNO and freezing 

will be used as a measure of fear. 
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3) Previous research has shown that, in humans, a chronic 

administration of an Nk3R antagonist decreases circulating sex 

hormones concentration. We hypothesize that osanetant will produce a 

decrease in testosterone in males, and estradiol in females, 30 minutes 

after its administration (1 hour after fear conditioning). We hypothesize 

that osanetant will not affect stress steroids concentration, such as 

corticosterone.  

To test this hypothesis. male and female mice will receive fear 

conditioning and an osanetant injection (5 mg/kg) 30 minutes after 

conditioning. Mice will be decapitated 30 minutes after the injection of 

osanetant. Trunk blood and brains will be collected for later analyses of 

sex steroids through mass spectrometry (testosterone and 

corticosterone) and ELISA (estradiol). 

4) Because osanetant has been shown to modulate fear memory 

consolidation in male mice, we hypothesize that this modulation could 

affect other types of not-amygdala-dependent memories such as 

recognition memory consolidation.  

To that end, we will use male and female mice, that will undergo a Novel 

Object Recognition (NOR) task. Animals will be subjected to the 

familiarization phase of the NOR and will receive the same dose of 

osanetant (5 mg/kg) 30 minutes after familiarization. 24 hours after 

receiving the drug, animals will be tested for novel object recognition by 

exposing the animals for 15 minutes to the previously familiarized object 

and a novel one. The relative time exploring the objects will be used as 

a measure of recognition. 
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