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ABSTRACT 
 

Many studies indicate a key role of the amygdala in the pathophysiology of 

psychiatric traits and disorders, such as anxiety disorders, depression and aggression. 

Serotonin (5-HT) inhibits the output of the amygdala upon exposure to negative 

emotional stimuli in healthy subjects. 

Moreover, serotonin reuptake inhibitors (SSRIs) are the first choice of drug in the 

treatment of anxiety disorders, and they also may be effective in treating depression and 

aggression. SSRIs attenuate anxiety-induced c-Fos expression in the basolateral nucleus 

of the amygdala (BLA), and local injection of SSRIs into this nucleus produces anxiolytic 

effects. The BLA further receives a strong 5-HTergic innervation from the raphe, and 

therefore it was regarded as a major target of SSRIs. Based on these observations, the 

goal of this chapter is to explore 5-HT receptor subtypes and potential mechanisms 

through which the SSRIs might exert their effects in the amygdala. 

The BLA has a cortex-like architecture with glutamatergic, spiny, pyramidal-shaped 

projection neurons showing a burst or regular firing pattern with adaptation following 

current injection. BLA interneurons are mostly GABAergic, spine-sparse or aspiny, often 

coexpress calcium-binding proteins like parvalbumin (PV) or calbindin (CB), and show a 
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fast firing pattern with little adaptation. 5-HT1A and 5-HT2A receptors are expressed on 

both types of BLA neurons, and they are coupled to Gi/o and Gq/11, respectively. 

Thus, direct stimulation of 5-HT1A receptors on projection neurons inhibits them, 

whereas stimulation of 5-HT1A receptors on interneurons reduces the output of 

interneurons, resulting in disinhibition of projection neurons. In contrast, stimulation of 

5-HT2A receptors has the opposite effect of exciting interneurons, which leads to a higher 

inhibition of projection neurons, although projection neurons also may be excited 

directly. Local injection of 5-HT ligands into the BLA showed that 5-HT1A receptors 

mediate anxiolytic effects, and 5-HT2C and 5-HT3 receptors mediate anxiogenic effects. 

Systemic administration of 5-HT4, 5-HT6 and 5-HT7 receptor antagonists also induced 

anxiolysis, but the role of amygdalar 5-HT1B, 5-HT4, 5-HT6 and 5-HT7 receptors is less 

clear. 

Thus, the amygdalar 5-HTergic system modulates physiological and pathological 

fear and anxiety through 5-HT1A, 5-HT2C and 5-HT3 receptors, and probably also the 5-

HT2A receptor. We hypothesize that SSRIs increase the 5-HT concentration in the BLA, 

and the surplus of 5-HT preferentially activates 5-HT1A receptors on glutamatergic 

projection neurons rather than on GABAergic interneurons, resulting in a decreased 

amygdala output. 

Alternatively, increased 5-HT concentrations following SSRI application may 

preferentially stimulate 5-HT2A receptors on GABAergic interneurons in the BLA. These 

two mechanisms are by no means exclusive, and in fact may act together to reduce the 

overall excitability and output of the amygdala. 

 

 

INTRODUCTION 
 

The amygdala is a crucial brain structure for emotions such as anxiety, fear, depression, 

aggression, impulsive choice and cognition of subjective value. Selective serotonin reuptake 

inhibitors (SSRIs) are effective in the treatment of anxiety disorders, depression and 

aggression, where they are thought to act by increasing the extracellular 5-HT concentration 

in various brain regions including the amygdala (Bosker et al., 2001; Muraki et al., 2001; 

Kitaichi et al., 2010). In human functional magnetic resonance imaging (fMRI) studies, fear-

related stimuli increased the response of the amygdala, and SSRIs attenuated that increase 

(Del-Ben et al., 2005). Based on these studies, it has been suggested that SSRIs improve fear 

or anxiety by increasing the 5-HT concentration in the amygdala. 

In animal studies, systemic administration of SSRIs had anxiolytic effects in fear-

conditioned rats (Hashimoto et al., 1996). Moreover, conditioned fear-induced c-Fos 

expression in the amygdala was blocked by SSRIs (Izumi et al., 2006), and local admini-

stration of SSRIs into the amygdala reduced conditioned fear-induced freezing behavior 

(Inoue et al., 2004). These results support the notion that the amygdala is the likely region in 

which SSRIs exert their anxiolytic effects. 

However, there are two considerations that must be taken into account when analyzing 

the effects of SSRIs. The first is whether there are differences between the physiological- and 

pharmacologically-enhanced function of the 5-HTergic system in the amygdala. The second 

is the identification of subtypes of 5-HT receptors, through which SSRIs may exert their 

anxiolytic effects. As generally known, there are more than 15 subtypes of 5-HT receptors, 

which differ considerably in their distribution and affinity to 5-HT (Hannon and Hoyer, 

2008). 
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In this chapter, we first review the influence of the amygdalar 5-HTergic system on 

emotionality in humans and animals. Here it must be emphasized that often the resolution of 

the human amygdala in imaging studies does not allow the identification of distinct nuclei, 

whereas most studies on the 5-HTergic system in the amygdala of rodents have focused on 

the basolateral nucleus of amygdala (BLA). Next, we will describe the basic anatomical and 

physiological organization of the 5-HTergic neural system in the amygdala. Finally, we will 

discuss the potential mechanisms underlying 5-HTergic regulation in the amygdala. 

 

 

1. HUMAN AMYGDALA IN PSYCHIATRIC DISORDERS/TRAITS 
 

1.1. Anxiety Disorders 
 

In fMRI studies, presentation of fear- or negative affect-related stimuli (e.g., photographs 

of angry or anxious faces, threatening words, etc.) activated limbic brain structures, including 

the amygdala, in healthy subjects (Morris et al., 1998; Whalen et al., 1998; Dannlowski et al., 

2007a). Negative emotional stimuli provoked increased fMRI blood oxygen level-dependent 

(BOLD) responses in the amygdala, frontal cortex and cingulate cortex in patients with 

generalized anxiety disorder compared to healthy controls (Stein, 2009). However, there are 

also controversial findings on the responsivity of the amygdala and related brain structures in 

fear- and anxiety-related disorders (Table 1). In general, the activity of the frontal cortex, 

hippocampus and amygdala was enhanced in panic disorder patients, but some studies 

indicated decreased frontal and amygdalar activity (Engel et al., 2009). In social anxiety 

disorder, an increased responsivity was observed in the amygdala and/or insula, whereas the 

response of the frontal cortex was dependent on the experimental condition (Freitas-Ferrari et 

al., 2010). Post-traumatic stress disorder patients showed a higher amygdala response 

accompanied by a reduced frontal cortical response (Etkin and Wager, 2007). No doubt, these 

data obtained in human imaging studies indicate that anxiety-related disorders commonly lead 

to abnormal responses of the amygdala. 

 

 

1.2. Aggression 
 

The amygdala is also critical in aggression and violence, but aggressive behaviors show 

high species specificity (Siegel et al., 2007; Takahashi et al., 2011). In rodents, aggression can 

be defensive to protect their own territory or pups, although more offensive behaviors can 

also be induced (escalated aggression). 

In cats, there are two distinct types of aggression: defensive aggression, which is 

triggered by fear or a real threat, and is unplanned, enraged and displays sympathetic signs; 

and the other is predatory attack, which requires planning and decision-making, and is 

associated with only a few sympathetic signs. This dichotomy observed in animal behavior 

was also adapted to describe human aggression (Table 3), although the validity of this 

approach caused some dispute due to the multifactorial nature of aggression in humans. 

Defensive aggression in humans is observed in ―reactive aggression‖, and many elements of 

predatory attack are found in ―instrumental aggression‖ (Siever, 2008). 
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Table 1. fMRI responses to negative emotional stimuli in anxiety disorders 

 

Table 2. fMRI responses to negative emotional stimuli in depression and schizophrenia 

 

Disorder Response References 

   

Depression Amygdala↑ or → 

Cingulate cortex↓ 

Insula↓ 

Hippocampus↓ 

Pittinger & Duman (2008) 

Clark et al (2009) 

Savitz & Devets (2009) 

Victor et al (2010) 

Elliot et al (2011) 

 

Depression 

(remitted) 

Amygdala → Anderson et al (2011) 

   

Schizophrenia Amygdala↓ 

Cingulate cortex↓ 

Hippocampus↓ 

Benes (2010) 

 

Maladaptive reactive aggression is seen in borderline personality disorder and inter-

mittent explosive disorder patients. In fMRI studies, negative emotional stimuli provoked 

higher amygdala activation in both borderline personality disorder and intermittent explosive 

disorder patients (Siever et al., 2008; Blair, 2010). Some studies also indicated a reduced 

activity in the cingulate cortex of borderline personality disorder patients and in the orbito-

frontal cortex of intermittent explosive disorder patients. 

In contrast, maladaptive instrumental aggression is more typical for psychopathic traits. 

In this patient group, emotion-related decision-making and negative emotional stimuli 

provoked a reduced activity in the amygdala and orbitofrontal cortex (Siever et al., 2008; 

Blair, 2010). 

 

Disorder Response Reference 

   

Generalized 

anxiety 

disorder 

Amygdala↑ 

Frontal cortex↑ 

Cingulate cortex↑ 

Stein (2009) 

   

Panic disorder Amygdala↑ or ↓ 

Frontal cortex↑ or ↓ 

Hippocampust 

Engel et al (2009) 

   

Social anxiety 

disorder 

Amygdala↑ 

Insula↑ 

Freitas-Ferrari et al 

(2010) 

   

Post traumatic 

stress disorder 

Amygdala↑ 

Frontal cortex↓ 

Etkin & Wager (2007) 
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Table 3. fMRI responses to negative emotional stimuli  

in aggression-related disorders/traits 

 

Disorder/trait Response References 

   

Borderline personality 

disorder 

Amygdala↑ 

Cingulate cortex↓ or → 

Siever et al (2008) 

Blair (2010) 

   

Intermittent explosive 

disorder 

Amygdala↑ 

Orbitofrontal cortex↓ 

Blair (2010) 

   

Psychopathic traits Amygdala↓ 

Orbitofrontal cortex↓ 

Blair (2010) 

   

 

 

2. CLINICAL STUDIES ON AMYGDALAR  

SEROTONIN SYSTEM 
 

2.1. Healthy Subjects 
 

5-HTergic function in the human brain was assessed using fMRI following acute tryp-

tophan depletion or administration of SSRIs (Table 4). Because tryptophan is an essential 

amino acid and the precursor of 5-HT, intake of tryptophan-free amino acid mixture leads to 

decreased 5-HT synthesis and attenuated 5-HT neurotransmission, whereas administration of 

SSRIs increases the 5-HT concentration in the synaptic cleft and enhanced 5-HT neuro-

transmission. In three studies, a negative emotional stimulus (aversive face) provoked greater 

fMRI BOLD responses in the right amygdala following acute tryptophan depletion (Cools et 

al., 2005; Fusar-Poli et al., 2007; van der Veen et al., 2007), but Roiser et al. (2008) reported 

a higher response of the left amygdala during an affective go/no-go task. Single SSRI admini-

stration attenuated BOLD responses provoked by negative emotional stimuli either in the 

right (Del-Ben et al., 2005; Murphy et al., 2009), left (Takahashi et al., 2005; Arce et al., 

2008) or bilateral amygdalae (Anderson et al., 2007). However, Bigos et al. (2008) reported 

the opposite effect, namely, enhanced bilateral amygdala responses upon single SSRI 

administration. Likewise single SSRI administration increased the BOLD signal in the 

amygdala in the resting state (McKie et al., 2005), but in a study using arterial spin labeling, 

single SSRI administration decreased cerebral blood flow in the amygdala (Chen et al., 2011). 

Chronic administration of SSRIs (for seven days) also attenuated right amygdala responses 

provoked by negative emotional stimuli (Harmer et al., 2006). 
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Table 4. Effects of tryptophan depletion and SSRIs on fMRI responses  

of the amygdala to negative emotional stimuli in healthy subjects 

 

Treatment Response References 

   

Acute tryptophan 

depletion 

Right amygdala↑ 

 

Cools et al (2005) 

Fusar-Poli et al (2007) 

Van der Veen et al 

(2007) 

 

 Left amygdala↑ Roiser et al (2008) 

   

Single SSRI Right amygdala↓ Del-Ben et al (2005) 

Murphy et al (2009) 

 

 Left amygdala↓ Takahashi et al (2005) 

Arce et al (2008) 

 

 Bilateral amygdale 

↓or↑ 

Anderson et al (2007) 

   

Chronic SSRI (7 

days) 

Right amygdala↓ Harmer et al (2006) 

 

 

2.2. Anxiety and Fear 
 

SSRIs are the primary first-line treatment for anxiety disorders. Many studies have 

indicated abnormal amygdala function in anxiety disorders, but only a few studies have 

focused directly on abnormalities of the 5-HTergic neural system in the amygdala (Table 5). 

Using positron emission tomography (PET), Lanzenberger et al. (2007) reported that 5-HT1A 

receptor binding is decreased in several limbic brain regions, including the amygdala, in 

social anxiety disorder patients. In addition, cerebral blood flow was increased in the 

amygdala of social anxiety disorder patients when they were subjected to public speaking, 

and the degree of the increase correlated with the patient‘s polymorphism of the 5-HT 

transporter (Furmark et al., 2004). 

 

 

2.3. Depression 
 

In fMRI studies, chronic SSRI treatment attenuated BOLD responses in the amygdala of 

depressed patients after presentation of negative emotional stimuli (Sheline et al., 2001; Fu et 

al., 2004; Fales et al., 2009) (Table 5). Moreover, the reduced correlation between the 

activities of the amygdala and cingulate cortex recovered after chronic SSRI treatment (Chen 

et al., 2008). Enhanced BOLD responses in the amygdala of depressed patients were 
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associated with polymorphisms of the 5-HT transporter (Dannlowski et al., 2007b; 

Dannlowski et al., 2008) and 5-HT1A receptor (Dannlowski et al., 2007b). In PET studies, 

binding to 5-HT1A receptors (Bhagwagar et al., 2004; Hirvonen et al., 2008) and the 5-HT 

transporter (Parsey et al., 2006; Miller et al., 2008; Reimond et al., 2008) was decreased in the 

amygdala. 

 

Table 5. Changes of the 5-HTergic neural system in the amygdala detected  

by functional imaging in psychiatric disorders 

 

Disorder Response/ 

Binding density 

References 

   

Social anxiety  

disorder 

5-HT1A receptor↓ Lanzenberger et al 

(2007) 

   

Depression fMRI response to emotional  

stimuli by chronic SSRI↓ 

Sheline et al (2001) 

Fu et al (2004) 

Fales et al (2009) 

   

 5-HT1A receptor↓ 

 

Bhagwagar et al (2004) 

Hirvonen et al (2008) 

 

 5-HT transporter↓ Parsey et al (2006) 

Miller et al (2008) 

Reimond et al (2008) 

 

 

2.4. Aggression 
 

As mentioned above, imaging studies point to an important role of the amygdala in 

human aggression. Furthermore, the concentration of the 5-HT metabolite 5-hydroxy-

indoleacetic acid (5-HIAA) was reduced in the cerebrospinal fluid of aggressive psychopathic 

patients, and SSRIs were effective in inhibiting aggression in psychiatric patients (Siever, 

2008). Nevertheless, the relationship between aggression and the 5-HTergic system in the 

human amygdala has not yet been established. In PET studies, aggression levels correlated 

positively with binding to 5-HT1A receptors in the prefrontal and cingulate cortices of healthy 

subjects (Witte et al., 2010). In addition, 5-HT2A receptor binding was increased in the 

orbitofrontal cortex of psychopathic aggressive patients (Rosell, 2010) and the hippocampus 

of female borderline personality disorder patients (Soloff, 2007). However, 5-HT transporter 

binding was reduced in the cingulate and orbitofrontal cortices of psychopathic aggressive 

patients (Frankle et al., 2005; Siever, 2008). Thus, the importance of the frontal 5-HTergic 

system in human aggression has been determined in several studies, but the role of the 

amygdalar 5-HTergic system in aggression remains to be elucidated. 
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3. AMYGDALA’S ROLE IN ANXIETY-AND FEAR-MODELS 
 

3.1. Animal Models of Anxiety and Fear 
 

Animal models focusing on anxiety- and fear-related behaviors can be classified as (i) 

paradigms measuring memory-independent forms of innate anxiety, such as the open field 

test, social interaction test, elevated plus maze test and ultrasonic vocalization test; and (ii) 

tests based on memory-dependent fear, such as the conditioned fear paradigm. 

Many tests utilize the innate anxiety of rodents from open spaces to measure anxiety-

related behavior (Pellow et al., 1985); conflict between punishment and reward is also often 

used to study anxiolytic effects of drugs (Vogel et al., 1971). In the open field test, animals 

are placed in a large open square, and the time spent near the walls is used as a measure of 

anxiety, because anxious animals tend to avoid the center of the field. To test social 

interaction, naïve rats are placed in pairs in an open space, and the time spent in social 

interaction (grooming, sniffing, etc.) is measured (File, 1985). In this test, the time spent in 

social interaction correlates negatively with anxiety. In the elevated plus-maze test, animals 

are placed in an apparatus consisting of two closed arms (with walls) and two open arms (no 

walls) connected by a central platform. Because animals prefer the closed arms over the open 

arms, the number of entries to and time spent on the open arms is a correlate of spontaneous 

and memory-independent anxiety. In the ultrasonic vocalization test, the distress call of pups 

separated from their mothers is used as an index of anxiety (Noirot, 1972). In the conflict test, 

animals must tolerate an aversive stimulus that is simultaneously given with a reward. The 

animal‘s behavior directed toward the reward increases upon delivery of anxiolytic drugs 

(conflict is attenuated), as well as nicotine and caffeine, suggesting that the conflict itself may 

be a different mental state than anxiety or fear (Vogel et al., 1971). 

Conditioned fear is a type of classical conditioning (Fanselow, 1980) composed of 

acquisition, retrieval (expression), and extinction phases (Myers and Davis, 2002). During 

acquisition, a simple (e.g., light or tone) or complex (e.g., environmental context) sensory 

stimulus (CS, conditioned stimulus) is paired with an aversive stimulus (US, unconditioned 

stimulus), such as footshock. Retrieval occurs when the animal is re-exposed to the CS in the 

absence of the US, and the responses to the CS are measured. The CS may elicit hormonal, 

autonomic and behavioral conditioned responses, including elevated cortisol levels, increases 

in heart rate and freezing behavior or a potentiated startle response (Yilmazer-Hanke, 2008). 

Extinction occurs when the CS is repeatedly presented in the absence of the US, resulting in a 

decrease in the magnitude of conditioned responses. The fear-conditioning paradigm is 

regarded as an animal model of memory-dependent fear (Myers and Davis, 2002). 

 

 

3.2. Amygdala in Anxiety and Fear 
 

The amygdala is crucial for innate anxiety, as well as the acquisition and retrieval of 

conditioned fear (Davis, 1997; LeDoux, 2000). Lesioning and pharmacological studies 

indicated an activation of the amygdala in various forms of innate anxiety, including the light-

dark box, elevated plus maze and conflict tests (for review: Davis, 1997). 
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Nevertheless, most studies investigating the neural circuity of the amygdala focused on 

the conditioned fear paradigm. During conditioned fear training (acquisition) and recall 

(retrieval), the sensory stimulus (e.g., tone or light cue, exposure to a shock chamber) reaches 

the lateral nucleus of the amygdala (LA), BLA and hippocampus (Figures 1, 2). In the 

retrieval phase, the CS induces fear after being checked against memory formed during the 

acquisition phase. Finally, emotions are expressed as a fear reaction through activation of the 

central nucleus of the amygdala (CeA) (Ehrlich et al., 2009). 

Several studies have suggested that the BLA is involved in fear-related neural plasticity. 

Maren and Fanselow (1995) reported long-term potentiation in BLA. Herry et al. (2008) 

found that firing rates of neurons in the BLA were changed by the acquisition or extinction of 

conditioned fear; however, conditioned fear-induced plastic changes were also reported in the 

CeA, and it was speculated that neural information on conditioned fear is integrated in the 

CeA (Ehrlich et al., 2009). While the BLA provides glutamatergic projections to both the 

CeA and intercalated nuclei of the amygdala (ICN), the ICN send GABAergic projections 

into the CeA. 

 

 

Figure 1. Anatomical location of LA, BLA and CeA. The left panel is a schematic representation of the 

amygdala (-3.14 mm from bregma, Paxinos and Watson, 1997). The right panel is the Nissl staining 

section of the same level. BLA, basolateral nucleus of the amygdala; CeA, central nucleus of the 

amygdala; LA, lateral nucleus of the amygdala. 

Therefore, the net output of the CeA mediating conditioned fear is regulated by direct 

excitatory input from the BLA, which competes with inhibitory input originating from the 

ICN (Sah and Westbrook, 2008). 

 

3.3. Amygdalar Serotonergic System in Anxiety and Fear 
 

3.3.1. Anxiolytic Effect of SSRIs in the Amygdala 

In microdialysis studies, extracellular 5-HT release was increased in the BLA during 

retrieval of conditioned fear (Kawahara et al., 1993; Yokoyama et al., 2005; Zanoveli et al., 

2009). Nonetheless, systemic administration of SSRIs also attenuated freezing behavior 

during conditioned fear retrieval (Hashimoto et al., 1996; Muraki et al., 1999), and local 
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injection of SSRIs into the amygdala had the same effect (Inoue et al., 2004). In addition, 

retrieval of conditioned fear increased c-Fos expression in several brain regions including the 

BLA, and simultaneous systemic administration of SSRIs specifically inhibited the c-Fos 

expression in the BLA (Izumi et al., 2006). These results are consistent with human clinical 

studies indicating that the amygdalar 5-HTergic neural system regulates anxiety, and the main 

target of anxiolytic SSRI effects is the amygdala. Nevertheless, systemic administration of 

SSRIs did not exert a clear anxiolytic effect in the elevated plus maze test (Pollier et al., 2000; 

Homberg et al., 2011). 

 

 

Figure 2. Neural circuitry of conditioned fear. BLA, basolateral nucleus of the amygdala; CeA, central 

nucleus of the amygdala; ICN, intercalated nuclei of the amygdala; LA, lateral nucleus of the amygdala; 

mPFC, medial prefrontal cortex. 

3.3.2. Delivery of Selective 5-HT Ligands into the Amygdala 

Selective 5-HT ligands were injected into the amygdala in various models testing 

anxiety- and fear-related behaviors (Table 6). The local injection of a 5-HT1A agonist into the 

amygdala decreased the retrieval of conditioned fear (Li et al., 2006; Matsuzaki et al., 2011), 

but had no effect in the elevated plus maze test (Zangrossi and Graeff, 1994; Gonzalez et al., 

1996). Systemic administration of 5-HT2A/2C agonists induced an anxiolytic effect in the 

ultrasonic vocalization (Schreiber et al., 1998) and elevated plus maze tests (Nic 

Dhonnchadha et al., 2003), but their effects in the amygdala were not examined. 
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Table 6. Anxiolytic and anxiogenic effects of systemic administration  

or local injection into the amygdala/BLA of 5-HT-related drugs 

 

Drug Anxiety/Fear (test type) References 

   

SSRI (systemic) ↓ (CF, USV) Hashimoto et al (1996) 

Schreiber et al (1998) 

Muraki et al (1999) 

SSRI (local) ↓ (CF) Inoue et al (2004) 

5-HT1A agonist (systemic) ↓ (CF) Matsuzaki et al (2011) 

5-HT1A agonist (local) ↓ (CF, USV) or  

→ (EPM) 

Zangrossi & Graeff (1994) 

Gonzalez et al (1996) 

Li et al (2006) 

Matsuzaki et al (2011) 

5-HT2A/2C agonist 

(systemic) 

↓ (USV, EPM) Schreiber et al (1998) 

Nic Dhonnchadha et al (2003) 

5-HT2A/2C antagonist 

(systemic) 

↓ (EPM) Mora et al (1997) 

5-HT2A/2C antagonist (local) ↑ or → (EPM) Zangrossi & Graeff (1994) 

de Mello Cruz et al (2005) 

5-HT2C agonist (systemic) ↑ (EPM) Setem et al (1999) 

5-HT2C agonist (local) ↑ (USV, OF, EWA) Campbell and Merchant 

(2003) 

Overstreet et al (2006) 

5-HT2C antagonist 

(systemic) 

↓ (SI) Christianson et al (2010) 

5-HT2C antagonist (local) ↓ (SI, EWA) Overstreet et al (2006) 

Christianson et al (2010) 

5-HT3 agonist (local) ↑ (SI) Higgins et al (1991) 

5-HT3 antagonist 

(systemic) 

↓ (CF, SI, EPM) Blackburn et al (1993) 

Nevins & Anthony (1994) 

5-HT3 antagonist (local) ↓ (SI, EPM) Higgins et al (1991) 

Costall et al (1993) 

5-HT4 antagonist 

(systemic) 

↓ (SI) Kennet et al (1997) 

5-HT6 antagonist 

(systemic) 

↓ (CT) Wesołowska et al (2010) 

5-HT7 antagonist 

(systemic) 

↓ (CT) Wesołowska et al (2006) 

   

Legend: BLA, basolateral nucleus of the amygdala; CF, conditioned fear; CT, conflict test; EPM, 

elevated plus maze test; EWA, ethanol withdrawal anxiety; OF, open field test; SI, social interaction 

test; USV, ultrasonic vocalization test. 
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While systemic administration of 5-HT2A/2C antagonists also produced anxiolytic effects 

(Mora et al., 1997), local injection of a 5-HT2A/2C antagonist into the BLA produced 

anxiogenic effects (Zangrossi and Graeff, 1994) or had no effect in the elevated plus maze 

test (de Mello Cruz et al., 2005). While systemic administration of a 5-HT2C agonist exerts 

anxiogenic effects in the elevated plus maze test (Setem et al., 1999), systemic administration 

of a 5-HT2C antagonist produces anxiolytic effects in the social interaction test (Christianson 

et al., 2010). 

Local injection of a 5-HT2C agonist into the BLA has anxiogenic effects in the open field 

and ultrasonic vocalization tests (Campbell and Merchant, 2003) and ethanol withdrawal 

anxiety (Overstreet et al., 2006), whereas local injection of 5-HT2C antagonists into the BLA 

is anxiolytic in the social interaction test (Christianson et al., 2010) and ethanol withdrawal 

anxiety (Overstreet et al., 2006). Likewise local injection of 5-HT3 agonists into the amygdala 

were anxiogenic (Higgins et al., 1991), whereas systemic and/or intra-amygdalar 5-HT3 

antagonists were anxiolytic in conditioned fear (Nevins and Anthony, 1994), the social 

interaction (Higgins et al., 1991; Blackburn et al., 1993) and elevated plus maze tests 

(Blackburn et al., 1993; Costall et al., 1993). Systemic and/or intra-hippocampal admini-

stration of 5-HT4, 5-HT6 and 5-HT7 antagonist resulted in anxiolysis in the social interaction 

and conflict tests (Kennett et al., 1997; Wesołowska et al., 2006; Wesołowska, 2010). In 

summary, these findings suggest that 5-HT exerts its anxiolytic effect in the amygdala via 5-

HT1A receptors, and its anxiogenic effect via 5-HT2C or 5-HT3 receptors, although the roles of 

amygdalar 5-HT2A, 5-HT4, 5-HT6 and 5-HT7 receptors need further investigation. 

 

3.3.3. Amygdalar 5-HT Receptor Subtypes Mediating SSRI Effects 

Schreiber et al. (1998) reported that systemic administration of SSRIs attenuated anxiety 

in the ultrasonic vocalization test in rats, and that this effect was blocked by simultaneous 

systemic delivery of a 5-HT2A antagonist, but 5-HT1A, 5-HT1B, 5-HT3 and 5-HT4 antagonists 

had no effect. From these results, they concluded that the anxiolytic effect of SSRIs was 

mediated by the 5-HT2A receptor. Other studies indicated that co-administration of 5-HT1A 

antagonists enhance the anxiolytic effects of SSRIs in conditioned fear (Hashimoto et al., 

1997; Muraki et al., 2008). They speculated that the blockade of 5-HT1A autoreceptors at the 

somata of 5-HTergic raphe neurons by the antagonist resulted in a disinhibition of these 

neurons and enhanced presynaptic 5-HT release, and at the same time the SSRIs blocked 5-

HT transporters in their presynaptic terminals; as a result, the neurons remained active and the 

5-HT concentration in the synaptic cleft increased, potentiating the overall anxiolytic effect. 

However, this is inconsistent with several studies, which show that local injection of a 5-TH1A 

agonist into the raphe produces anxiolysis (Engin and Treit, 2008). Still, intra-amygdalar or 

hippocampal administration of a 5-HT1A agonist also has anxiolytic effects (Schreiber and De 

Vry, 1993; Li et al., 2006; Matsuzaki et al., 2011). These seemingly controversial effects of 5-

TH1A agonists and antagonists in various brain regions might results from differences in their 

distribution (see Section 6). It is also possible that different synaptic 5-HT concentrations 

stimulate different subtypes of 5-HT receptors according to their affinities to 5-HT, and that 

the ―appropriate‖ synaptic 5-HT concentration for anxiolytic effects differs among brain 

regions. 

Therefore, local co-administration of SSRIs and selective 5-HT antagonists into brain 

regions regulating anxiety-related behavior may be useful. 
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4. AMYGDALA IN ANIMAL MODELS 

OF STRESS AND DEPRESSION 
 

4.1. Animal Models of Stress and Depression 
 

Acute or chronic stress generate depression-like behavioral and endocrine changes 

(immobility, anhedonia and enhanced hypothalamus-pituitary-adrenal (HPA) axis, etc.) in 

rodents, and antidepressants improve these changes. Common methods used to induce stress 

in animal models are the forced swim, tail suspension, electric shock, restraint, novel 

circumstance and social defeat tests. 

In these models, immobilization, time threshold to escape from shock, food consumption 

and sucrose preference are used as measures of stress. Acute stress is often studied using the 

forced swim and tail suspension paradigms, where the immobilization time during stress is 

measured. 

In the learned helplessness model, animals repeatedly exposed to inescapable electric 

shock gradually lengthen the time threshold to escape from the shock (Pittenger and Duman, 

2008; Nestler and Hyman, 2010; Carr and Lucki, 2011). 

The behavioral changes observed in acute stress are improved by a single administration 

of antidepressants, but these effects might reflect merely the inhibition of monoamine re-

uptake, not a ―true‖ antidepressant effect. Therefore, many researchers believe that chronic 

stress reflects the pathophysiology of depression more accurately than acute stress. Repeated 

restraint and social defeat are the most commonly used chronic stress models. The enhanced 

immobility, reduced food consumption and reduced sucrose preference in these tests can also 

be improved by chronic administration of antidepressants (Carr and Lucki, 2011).    

 

 

4.2. Amygdala in Stress and Depression 
 

The role of the amygdala in depression was studied in the context of chronic stress in 

most animal models (Pittenger and Duman, 2008). Acute stress induces neurochemical 

changes in the amygdala, including monoamine and amino acid transmitters. Inescapable 

footshock increased the release of 5-HT, dopamine, glutamic acid and GABA in the BLA 

(Yokoyama et al., 2005; Christianson et al., 2010; Venton et al., 2010). Rezenikov et al. 

(2009) showed that acute restraint increases GABA release in the BLA, but repeated restraint 

does not. In addition, acute restraint increased c-Fos expression in the BLA, which was 

attenuated after repeated restraint (Reznikov et al., 2008). Mozhui et al. (2010) reported that 

repeated restraint decreases mRNA of glutamate receptor subunits and dampens the 

electrophysiological activity in the BLA. These studies suggest that the responsivity of the 

amygdala is lower in chronic than in acute stress, although chronic stress may alter amygdala 

function and morphology (Figure 3). 

For example, repeated restraint stress enhanced acquisition and retrieval of conditioned 

fear and increased dendritic branching of amygdalar pyramidal neurons (McLaughlin et al., 

2009; McEwen, 2010). 
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Figure 3. Effects of chronic stress on the brain. HPA axis, hypothalamus-pituitary-adrenal axis; mPFC, 

medial prefrontal cortex. 

Moreover, acute administration of glucocorticoids can induce dendritic hypertrophy in 

the amygdala (Mitra and Sapolsky, 2008). Although the mechanisms leading to remodeling of 

neurons in the amygdala by chronic stress are not well understood, investigations in the 

amygdala, hippocampus and prefrontal cortex support the idea that glucocorticoids are 

involved in these stress-related structural changes (Hajszan et al., 2009; McLaughlin et al., 

2009), and that some of these changes can be reversed by chronic lithium treatment (Johnson 

et al., 2009). It has been suggested that lithium may exert its effects by inhibiting glutamate 

release (Johnson et al., 2009) or by increasing extracellular 5-HT levels (Muraki et al., 2001). 

 

 

4.3. Amygdalar 5-HTergic System in Depression 
 

Only few studies have focused on the effect of chronic stress on the amygdalar 5-HTergic 

system. Repeated forced swimming decreased the 5-HIAA content (Shishkina et al., 2008), 

and learned helplessness decreased the density of 5-HT2A receptors (Wu et al., 1999) in the 

amygdala. 

Moreover, chronic administration of SSRIs together with subchronic lithium increased 

extracellular 5-HT levels in the medial prefrontal cortex (Muraki et al., 2001), and SSRIs 

showed neuroprotective effects in the hippocampus (Jin et al., 2009). However, changes in 5-

HT release, the 5-HT1A receptor, 5-HT transporter or activity of tryptophan hydroxylase after 

chronic stress were not fully investigated. 
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5. AMYGDALA IN ANIMAL MODELS OF AGGRESSION 
 

5.1. Animal Models of Aggression 
 

The most commonly used rodent model of aggression is the resident intruder test. In this 

test, aggressive behaviors (attacking, biting, aggressive posture) of a male resident rat or 

mouse in its home cage to a novel intruder are assessed (Takahashi et al., 2011). To enhance 

the aggression of the resident, he is first isolated or housed with females. Other paradigms are 

noxious stimulus-induced aggression or maternal aggression (aggression of females during 

lactation period). For escalating aggression, the repeated victory of a resident over an intruder 

can also be utilized. In the past, a muricide test (killing of mice by brain-lesioned rat) was 

also applied (Fujiwara et al., 1980) 

 

 

5.2. Amygdala in Aggression 
 

Defensive aggression can be elicited in cats by electrical stimulation of the 

periaqueductal gray and medial hypothalamus. Excitation of the medial amygdala (MeA) and 

medial part of BLA potentiates the aggression elicited by medial hypothalamus stimulation, 

while excitation of the CeA and lateral part of BLA suppresses it (Siegel et al., 2007). 

Veening et al. (2005) reported c-Fos expression in the MeA, CeA, BLA, periaqueductal gray 

and various hypothalamic nuclei of rats induced by aggressive behavior. A lesion in the 

orbitofrontal cortex also increased aggression in rats (Rudebeck et al., 2007). Thus, amy-

gdalar subregions differentially enhance or inhibit subsystems in the brain (hypothalamus and 

periaqueductal gray) that control the expression of aggression, whereas the orbitofrontal 

cortex may regulate the output of the amygdala, although further details of these neural 

circuits remain to be elucidated (Figure 4). 

 

 

Figure 4. Neural circuitry of aggression. BLA, basolateral nucleus of the amygdala; CeA, central 

nucleus of the amygdala; MeA, medial nucleus of amygdala; MH, medial hypothalamus; mPFC, medial 

prefrontal cortex; OFC, orbitofrontal cortex; PAG, periaqueductal gray. 
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5.3. Amygdalar 5-HTergic System in Aggression 
 

Although many neurotransmitters modulate aggression (Siegel et al., 2007), 5-HT is 

among the most well-known because SSRIs have proven to be effective in the treatment of 

human aggression (Siever, 2008). In a rodent model of aggression, acute systemic admini-

stration of a 5-HT1A agonist, 5-HT2A/2C agonist and antagonist, 5-HT2C agonist and antagonist, 

and SSRIs decreased aggression (Olivier, 2004), but chronic administration of a 5-HT1A 

agonist, 5-HT2C agonist and SSRIs paradoxically increased aggression (Mitchell, 2005). In 

contrast, the delivery of 5-HT into the amygdala (Puciłowski et al., 1985), a 5-HT1A agonist 

into the dorsal and median raphe, dorsal periaqueductal gray, medial hypothalamus, cortical 

amygdala (CoA) and orbitofrontal cortex, and a 5-HT1B agonist into the dorsal and 

orbitofrontal cortices decreased aggression (Takahashi et al., 2011). Injection of a 5-HT2A/2C 

agonist into the dorsal periaqueductal gray also decreased aggression, but its application into 

the CeA increased aggression (Ferrari et al., 2005; Takahashi et al., 2011). Likewise, 

administration of the 5-HT precursor 5-hydoxytryptophan decreased aggression (Olivier, 

2004), whereas the inhibition of 5-HT synthesis by para-chlorophenylalanine increased 

aggression (Valzelli et al., 1981). However, aggression was increased in monoamine oxidase 

A (MAOA) knockout mice, although the brain 5-HT concentration was elevated (Cases et al., 

1995), and lesioning of 5-HTergic terminals in the amygdala by the neurotoxin 5,7-

dihydroxytryptamine reduced aggression (File et al., 1981). In a brain dialysis study, 5-HT 

levels in the medial prefrontal cortex (mPFC) decreased during aggressive behavior (Ferrari 

et al., 2005). Taken together, these findings indicate a close relationship between aggression 

and the 5-HTergic system, but how 5-HT affects aggression differs between brain regions 

(including the amygdala), 5-HT receptor subtypes and behavioral models used. 

 

 

6. ANATOMICAL ORGANIZATION OF AMYGDALAR  

5-HTERGIC SYSTEM 
 

6.1. Neuronal Cell Types in the Amygdala 
 

The amygdala is a heterogenous brain region composed of cortex-like and non-cortex-

like nuclei. Here, we will focus on neuronal cell types in amygdalar nuclei with a cortex-like 

architecture (e.g., LA, BLA), because the function of the 5-HTergic system has been studied 

best in BLA neurons. These nuclei contain two major cell classes (Figure 5), spiny pyramidal 

neurons and spiny-sparse non-pyramidal neurons (McDonald, 1982; Millhouse and DeOlmos, 

1983; McDonald, 1992a; Washburn and Moises, 1992a; Rainnie et al., 1993; Yajeya et al., 

1997). Pyramidal neurons have pyramidal or piriform somata that vary in size, one thick 

apical dendrite and several thinner basal dendrites, and project to distant brain areas as shown 

using retrograde tracers (McDonald, 1992b). Some pyramidal neurons have typical pyramidal 

morphology, but others have atypical morphology, such as neurons that have small, satellite-

shaped somata and spiny dendrites (Rainnie et al., 1993). 

 

 



Role of the Amygdalar Serotonergic System … 41 

 

Figure 5. Glutamatergic pyramidal neurons (CaMKII-positive) and examples of GABAergic non-

pyramidal neurons in the BLA (parvalbumin-, calbindin- and calretinin-positive). McDonald et al. 

(2002) indicated that CaMKII is a marker for pyramidal neurons in BLA. This figure is authors‘ own 

figure. 

Non-pyramidal neurons are lower in number and comprise the GABAergic interneuron 

population in the BLA; most neurons have small and ovoid somata, but some have bitufted, 

multipolar or bipolar somata that vary in size (McDonald, 1985; Kemppainen and Pitkänen, 

2000). 

Mascagini and McDonald (2003) classified non-pyramidal neurons in the BLA using 

markers such as parvalbumin (PV), calbindin (CB), calretinin (CR), cholecystokinin (CCK), 

somatostatin (SOM), neuropeptide Y (NPY) and vasoactive intestinal polypeptide (VIP). 

They identified at least four subpopulations based on coexpression of peptides and calcium-

binding proteins. Their type 1) neurons were PV(+)/CB(+), type 2) neurons SOM(+)/CB 

(+)/NPY(+), type 3) neurons with large, multipolar somata CCK(+)/CB(+), and type 4) small 

bipolar or bitufted neurons CCK(+), VIP(+) or CR(+). 

 

 

6.2. The 5-HTergic Innervation of the Amygdala 
 

The amygdala is rich in monoaminergic and cholinergic innervation. Among cortex-like 

amygdalar nuclei, the BLA receives the strongest innervation from noradrenergic (Li et al., 

2001; Kuramochi et al., 2009), 5-HTergic (Muller et al., 2007; Kuramochi et al., 2009) 

(Figure 6) and cholinergic neurons (Muller et al., 2011), whereas dopamine neurons provide a 

stronger innervation to the CeA than to the BLA (Pinard et al., 2008). 

The major origin of the 5-HTergic afferents to the amygdala is the dorsal raphe nucleus, 

although the median raphe nucleus also contributes to the 5-HTergic innervation of the 

amygdala (Fallon and Ciofi, 1992). Muller et al. (2007) investigated 5-HT-positive terminals 
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in the BLA in detail, and reported that the main target of 5-HT-positive terminals were spines 

and distal dendrites of pyramidal cells. 

In addition, most if not all of the subpopulations of BLA interneurons were innervated by 

5-HT-positive terminals. 

 

 

6.3. Subtypes of 5-HT Receptors in the Amygdala 
 

6.3.1. The 5-HT1A Receptor 

5-HT1A receptors are widely distributed in the brain, with the highest density in the 

hippocampus, septum and raphe, and moderate densities in the cerebral cortex and amygdala 

(Chalmers and Watson, 1991; Khawaja, 1995). In the amygdala, 5-HT1A receptors show the 

highest density in the BLA, but these receptors are also expressed in the LA and CeA, 

although in lower density (Saha et al., 2010). 

Based on their distribution, two types of 5-HT1A receptors are distinguished in the brain: 

(i) 5-HT1A autoreceptors expressed on the somata of 5-HTergic neurons in raphe nuclei and 

their stimulation attenuates the firing of 5-HTergic cells and 5-HT release from terminals; and 

(ii) postsynaptic 5-HT1A receptors expressed by neurons in the projection areas of 5-HT 

neurons. Aznar et al. (2003) demonstrated that 5-HT1A receptors exist on both pyramidal 

neurons, and PV- or CB-positive interneurons in the amygdala. As postsynaptic receptors, 

they contribute to inhibition of amygdalar neurons, because 5-HT1A receptors couple to Gi/o, 

and their stimulation inhibits adenylate cyclase, although other signal transduction systems, 

such as the MAPK and Akt signaling pathways and G protein-coupled K
+
 (GIRK) channels 

are also activated (Polter and Li, 2010). 

 

Figure 6. Glutamatergic neurons (glutaminase-positive, left panel), GABAergic neurons and neuronal 

fibers (GAD67-positive, central panel) and 5-HTergic terminals (5-HT-positive, right panel) in the 

amygdala, which is stained in the adjacent sections. Izumi et al (2011) indicated that glutaminase is a 

marker for pyramidal neurons in BLA. The microphotographs are the authors‘ own images. 
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6.3.2. The 5-HT1B Receptor 

5-HT1B receptors are present in high densities in the globus pallidus, substantia nigra and 

accumbens, whereas their density in the cerebral cortex, hippocampus and amygdala is lower 

(Sari, 2004). In the amygdala, 5-HT1B receptors are distributed uniformly in the BLA, LA and 

CeA (Saha et al., 2010). 5-HT1B receptors localized in presynaptic terminals of 5-HTergic 

neurons act as autoreceptors, and their stimulation attenuates 5-HT release from their 

terminals. However, 5-HT1B receptors are also found in presynaptic terminals of non-5-

HTergic neurons as heteroreceptors, or are expressed at postsynaptic sites on pyramidal 

neurons and granule cells (Sari, 2004; Hannon and Hoyer, 2008). They couple to Gi/o, and 

their stimulation inhibits adenylate cyclase. 

 

6.3.3. The 5-HT2A Receptor 

The density of 5-HT2A receptors is high in the cerebral cortex, clastrum, olfactory system 

and some brainstem nuclei, and moderate in the striatum, accumbens and amygdala. In the 

amygdala, 5-HT2A receptors are expressed at high densities in the BLA and low densities in 

the CeA; however, the results of immunostaining patterns were inconsistent among the 

antibodies used (McDonald and Mascagni, 2007; Bombardi, 2011). 

5-HT2A receptors are localized postsynaptically on the somata and dendrites of pyramidal 

neurons and interneurons in the BLA, and most 5-HT2A receptor-positive GABAergic 

interneurons in the BLA are also PV or SOM-positive (McDonald and Mascagni, 2007; 

Hannon and Hoyer, 2008; Bombardi, 2011).Functionally, 5-HT2A receptors couple to Gq/11, 

and their stimulation enhances the IP3/PKC/Ca
2+

 pathway. 

 

6.3.4. The 5-HT2C Receptor 

The highest density of 5-HT2C receptors is seen in the choroid plexus, but moderate 

densities of this receptor are also found in the olfactory system, cerebral cortex, hippocampus, 

striatum, thalamus and amygdala (Clemett et al., 2000; Li et al., 2004). In the amygdala, 5-

HT2C receptors are present in moderate densities in the BLA, but are abundant in the MeA 

and ICN (Clemett et al., 2000). 5-HT2C receptors are exhibited on somata and dendrites of 

pyramidal neurons and interneurons (Filip and Bader, 2009). They couple to Gq/11, and their 

stimulation enhances the IP3/PKC/Ca
2+

 pathway. The 5-HT2C receptor is the only G-protein-

coupled receptor that exhibits RNA editing (Burns et al., 2011). 

Adenosine-to-inositol RNA editing modifies the efficacy of the 5-HT2C receptor and G-

protein coupling. In humans, the RNA editing pattern is thought to be associated with anxiety 

and depression. In 5-HT transporter knockout mice, RNA editing of the 5-HT2C receptor is 

increased in the amygdala (Moya et al., 2011). 

 

6.3.5. The 5-HT3 Receptor 

5-HT3 receptors are present in high densities in the dorsal vagal complex, but moderate 

densities are also found in the cerebral cortex, hippocampus, striatum and amygdala (Barnes 

et al., 2009). The 5-HT3 receptor family includes multiple isoforms (5HT3A-5-HT3E) that are 

products derived from two different genes (Filip and Bader, 2009). 5-HT3 receptors consist of 

five subunits forming ligand-gated non-selective cation channels (Na
+
 and Ca

2+
 influx, K

+
 

efflux), and their stimulation induces depolarization of the cell membrane. Heteromeric 

combination of 5-HT3A and 5-HT3B subunits is needed to construct a fully functional 5-HT3 
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receptor (Davies et al., 1999; Brady et al., 2001). 5-HT3 receptors are postsynaptic receptors 

expressed mainly in CCK-positive interneurons in the cerebral cortex and hippocampus 

(Morales and Bloom, 1997). In the amygdala, the highest density of 5-HT3 receptors is seen 

in the LA and BLA (Mascagni and McDonald, 2007). All 5-HT3 receptor-positive neurons in 

the BLA are GABA-positive interneurons, but most are negative for all other GABAergic cell 

markers, suggesting that they constitute a previously unrecognized subpopulation of 

interneurons (Mascagni and McDonald, 2007). 

 

6.3.6. The 5-HT4 Receptor 

The nigrostriatal and mesolimbic systems show the highest density of 5-HT4 receptors, 

whereas their density is moderate in the septum, islands of Calleja, hippocampus and 

amygdala (Hannon and Hoyer, 2008). Nine splice variants of 5-HT4 receptors were reported 

(5-HT4A-5-HT4H, 5-HT4HB), but they show similar pharmacological properties (Filip and 

Bader, 2009). 5-HT4 receptors are expressed in cell bodies and dendrites of pyramidal neurons 

and interneurons as postsynaptic receptors (Filip and Bader, 2009), which couple to Gs. 

Hence their stimulation enhances adenylate cyclase activity, but other signal transduction 

systems, such as the ERK and PCL/Ca
2+

/calmodulin pathways, are also activated (Bockaert et 

al., 2008). 5-HT4 agonists have antidepressant effects, whereas their antagonists are anxiolytic 

in animal models (Bockaert et al., 2008; Carr and Lucki, 2011), but it is not currently known 

whether amygdalar 5-HT4 receptors contribute to these effects. 

 

6.3.7. The 5-HT6 Receptor 

The density of 5-HT6 receptors is high in the olfactory system, cerebral cortex, striatum 

and accumbens, and moderate in the hippocampus, hypothalamus, thalamus, cerebellum and 

amygdala (Wesołowska, 2010). 5-HT6 receptors are mainly localized postsynaptically on 

dendrites and spines but not on cell bodies of pyramidal neurons and interneurons (Gérard et 

al., 1997; Hamon et al., 1999). 5-HT6 receptors couple to Gs, and their stimulation enhances 

adenylate cyclase. Local injection of a 5-HT6 antagonist into the hippocampus produced 

antidepressant and axiolytic effects (Wesołowska, 2010), but the role of amygdalar 5-HT6 

receptors in emotion was not examined. 

 

6.3.8. The 5-HT7 Receptor 

5-HT7 receptors are present in high densities in blood vessels (Terrón and Martínez-

García, 2007) and in the cerebral cortex, hippocampus, thalamus, suprachiasmatic nucleus 

and amygdala (Thomas and Hagan, 2004). Four splice variants of 5-HT7 receptors were 

reported (5-HT7A-5-HT7D), although they all show similar pharmacological properties (Filip 

and Bader, 2009). Like most 5-HT receptors, 5-HT7 receptors are expressed postsynaptically 

on somata and dendrites of pyramidal neurons and interneurons, but they are also found in the 

terminals of interneurons as presynaptic receptors (Belenky and Pickard, 2001). 5-HT7 

receptors couple to Gs, and their stimulation enhances adenylate cyclase, but other signal 

transduction systems, such as ERK and the G12/Rho signaling pathway, can also be activated 

(Leopoldo et al., 2011). Intra-hippocampal injection of a 5-HT7 antagonist into the 

hippocampus induced antidepressant and anxiolytic effects (Wesołowska et al., 2006), but 

currently there is no study focusing on amygdalar 5-HT7 receptors in emotional regulation.  
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7. PHYSIOLOGY AND PHARMACOLOGY OF THE 5-HTERGIC  

SYSTEM IN THE BLA 
 

7.1. Electrophysiological Characterization of BLA Neurons 
 

Since the LA and BLA receive the heaviest 5-HTergic innervation within the amygdala, 

and many pharmacological studies have pointed to the importance of the BLA as a target of 

anxiogenic and anxiolytic drugs, we will focus mainly on BLA neurons. Recent studies 

broadly divided BLA neurons into two types based on their electrophysiological characteri-

zation, using whole cell recording in brain slices combined with morphological examinations: 

the pyramidal projection neurons, and non-pyramidal interneurons (Washburn and Moises, 

1992b; Rainnie et al., 1993; Yajeya et al., 1997; Sah et al., 2003; Kröner et al., 2005). The 

projection neurons have broad action potentials, prolonged afterhyperpolarization and show 

spike frequency adaptation, whereas interneurons have narrow action potentials, fast 

afterhyperpolarization and show little spike frequency adaptation. 

According to the firing patterns in response to current injections, projection neurons can 

be further divided into several subtypes (Washburn and Moises, 1992a; Washburn and 

Moises, 1992b; Yajeya et al., 1997; Rainnie, 1999; Kröner et al., 2005; Power and Sah, 

2008).  In many projection neurons, current injection just above the spike threshold induced 

one or two spikes immediately after current injection, but in some neurons, there was a delay 

in the onset of firing after current injection (late-firing). By increasing the current amplitude, 

the number of spikes in these neurons could be increased, but the spike frequency pro 

gressively declined (adaptation or accommodation). When adaptation was strong, neurons 

fired an initial burst or short train of spikes, and then stopped firing during current injection 

(burst-firing or strong adapting). If the adaptation was not strong, neurons fired continuously 

during current injection, but interspike intervals slowed gradually (regular-firing) (Figure 7). 

Some studies have claimed that there were more regular-firing neurons than burst-firing/ 

strong adapting neurons in the BLA (Washburn and Moises, 1992a; Rainnie et al., 1993), but 

others claimed the opposite (Yajeya et al., 1997; Kröner et al., 2005; Power and Sah, 2008). 

Several authors have consistently reported that BLA interneurons show continuous, 

modest to high frequency (100-200 Hz) firing in response to current injection without signs of 

adaptation (fast-firing) (Washburn and Moises, 1992a; Rainnie et al., 1993; Kröner et al., 

2005) (Figure 7). Rainnie et al. (2006) still classified BLA interneurons of rats into four types 

based on their firing pattern, namely, type 1) burst-firing; type 2) regular-firing (a brief burst 

followed by rhythmic firing); type 3) fast-firing (continuous high frequency firing without 

adaptation); and type 4) stutter-firing (intermittent fast-firing). Woodruff and Sah (2007) also 

classified BLA interneurons into four types using transgenic mice expressing enhanced green 

fluorescent protein (EGFP) coupled to the PV promoter (PV-positive interneurons marked by 

EGFP): type 1) fast spiking; type 2) delayed firer (a brief burst followed by a silent period 

and fast firing); type 3) accommodating (continuous firing with adaptation); and type 4) 

stutterer (intermittent fast-firing). They stated that the fast spiking type was the most frequent 

(47%). Kaneko et al. (2008) classified BLA interneurons into three types using glutamic acid 

decarboxylase 67 (GAD67)-GFP mice: type A) low frequency spikes (31-56 Hz); type B) 

modest frequency spikes (59-112Hz) whose amplitude often progressively attenuated; and 

type C) high frequency spikes (>109 Hz). 
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7.2. Pharmacological Responses of BLA Neurons to 5-HT Ligands 
 

7.2.1. Responses to 5-HT1A Receptor Agonists 

Stein et al. (2000) investigated the responses of BLA neurons to 5-HT-related drugs using 

extracellular single cell recording in anesthetized rats. Seven percent and 11% of BLA 

neurons showed excitatory and inhibitory responses to iontophoretic administration of the 5-

HT1A agonist 8-OH-DPAT, respectively. The 8-OH-DPAT-induced excitatory effect, derived 

from the stimulation of 5-HT1A receptors on interneurons near the recording projection 

neuron, was blocked by co-administration of the GABAA antagonist bicuculline. The 

inhibitory effect induced by 8-OH-DPAT could be attributed to the direct stimulation to 5-

HT1A receptors on the recorded projection neuron. In contrast,  

Rainnie (1999) reported that inhibitory postsynaptic currents (IPSCs) (inhibitory input 

from interneurons) in projection neurons were not changed by bath application of 8-OH-

DPAT in whole cell recordings from BLA slices. Based on this observation, he rejected the 

role of 5-HT1A receptors on interneurons in the regulation of the activity of projection 

neurons. Koyama et al. (1999) investigated the GABAergic inhibitory input to projection 

neurons using mechanically dissociated BLA neurons by recording spontaneous miniature 

inhibitory postsynaptic currents (mIPSCs) arising from attached GABAergic nerve terminals 

to projection neurons. Bath application of 8-OH-DPAT decreased the frequency of mIPSCs 

but did not change their amplitude.  

Therefore, they concluded that 5-HT1A receptors exist on presynaptic GABAergic 

terminals, and their stimulation decreases GABA release from terminals. Cheng et al. (1998) 

indicated that excitatory postsynaptic potentials (EPSPs) were decreased in BLA slices by 

bath application of 5-HT. Because this effect was achieved without changing the resting 

membrane potential, but with an increasing ratio of paired pulse facilitation, this effect was 

thought to derive from a decreased probability of glutamate release from glutamatergic nerve 

terminals. Moreover, this 5-HT-induced decrease of EPSPs was blocked by the 5-HT1A 

antagonist NAN-190, and administration of 8-OH-DPAT achieved the same effect as 5-HT. 

They concluded that 5-HT1A receptors are expressed on the presynaptic glutamatergic 

terminals, and their activation decreases glutamate release from terminals. This is consistent 

with findings of Aznar et al. (2003), who showed that 5-HT1A receptors are expressed by both 

glutamatergic projection neurons and GABAergic interneurons in the BLA, although 

currently there is no direct morphological evidence for the presence of 5-HT1A receptors in 

presynaptic terminals of these neurons.  

From these results, it may be hypothesized that the activation of 5-HT1A receptors on 

projection neurons inhibits the excitatory output of the BLA, while the activation of 5-HT1A 

receptors on interneurons results in a disinhibition of the BLA (Figure 8). However, it cannot 

be predicted which effect predominates, the inhibitory effect via 5-HT1A receptors on 

projection neurons or the disinhibition of BLA projection neurons via 5-HT1A receptors on 

interneurons. 
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Figure 7. Representative firing patterns of BLA neurons to current injection. This figure is the authors‘ 

own figure. 

7.2.2. Responses to 5-HT2A/2C Receptor Agonists 

In extracellular single cell recordings, BLA neurons showed an excitatory response to 

iontophoretic administration of the 5-HT2A/2C agonist DOI (Stein et al., 2000). In contrast, 

most neurons showing inhibitory responses to DOI were found in the CoA and MeA. Because 

the DOI-induced inhibitory effect was blocked by co-administration of the GABAA 

antagonist bicuculline, this inhibitory effect was derived from stimulation of 5-HT2A/2C 

receptors on GABAergic neurons located next to the projection neurons recorded. 

 

Figure 8. Effect of 5-HT1A agonists in the BLA. 5-HT1A receptor stimulation reduces cAMP levels and 

inhibits the target neuron. Inhibition of the GABAergic neuron results in a disinhibition of the 

projection neuron, whereas direct activation of 5-HT1A receptors on projection neurons reduces their 

activity. 
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In the BLA, however, DOI may have directly stimulated 5-HT2A/2C receptors located on 

the projection neurons recorded, resulting in excitatory effects. Rainnie (1999) reported that 

inhibitory post-synaptic potentials (IPSPs) and IPSCs in projection neurons initially increased 

in frequency, and subsequently decreased in amplitude upon bath application of the non-

selective 5-HT2 agonist á-methyl-5-HT in whole cell recordings of BLA slices. Jiang et al. 

(2009) demonstrated that IPSCs were enhanced in frequency and amplitude in projection 

neurons by á-methyl-5-HT in whole cell recording of BLA slices, and this effect was blocked 

by co-administration of a 5-HT2A antagonist, but not a 5-HT2B or 5-HT2C antagonist. 

Therefore, 5-HT2A/2C receptors seem to be expressed by both glutamatergic projection 

neurons and GABAergic interneurons in the BLA. The stimulation of 5-HT2A or 5-HT2C 

receptors on projection neurons probably increases the excitability of the BLA, whereas the 

stimulation of 5-HT2A receptors on interneurons has the opposite effect (Figure 9). In 

anatomical investigations, 5-HT2A receptors are found on both pyramidal neurons and 

interneurons in the BLA (McDonald and Mascagni, 2007; Bombardi et al., 2011), but the cell 

type-specific distribution of 5-HT2C receptors is unknown. Moreover, as described for 5-HT1A 

receptors, it is unclear whether the activation of 5-HT2A and/or 5-HT2C receptors facilitates 

the excitation (via 5-HT2A/5-HT2C receptors on projection neurons) or inhibition (via 5-HT2A 

receptors on interneurons) of the BLA. 

 

Figure 9. Effect of 5-HT2A/2C agonists in the BLA. 5-HT2A receptor stimulation increases cAMP levels 

and excites the target neuron. Excitation of the GABAergic neuron results in inhibition of projection 

neurons, whereas direct activation of 5-HT2A receptors on projection neurons enahnces their activity. 

7.2.3. Responses to 5-HT3 Receptor Agonists 

Like 5-HT1A and 5-HT2A/2C agonists, iontophoretic application of the 5-HT3 agonist 2-

methyl-5-HT produced both excitatory and inhibitory effects in extracellular single cell 

recordings in the BLA (Stein et al., 2000). The excitatory effect was attributed to the 

stimulation of 5-HT3 receptors on projection neurons, and the inhibitory effect to the 

stimulation of 5-HT3 receptors on interneurons. Koyama et al. (2000; 2002) suggested that 5-
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HT3 receptors enhance GABA release from GABAergic nerve terminals. In anatomical 

investigations, 5-HT3 receptors were found only in a specific subclass of GABAergic 

interneurons in the BLA (Mascagni and McDonald, 2007). 

 

 

7.3. Activity of Glutamatergic Projection Neurons  

in BLA and Anxiety 
 

Both glutamatergic neurons and GABAergic neurons in the BLA (Izumi et al., 2011), and 

GABAergic neurons in the ICN (Izumi et al., 2011) and CeA (Gozzi et al., 2010) are acti-

vated in fear-conditioning paradigms. Tye et al. (2011) indicated that the fear intensity 

depends on the final output of CeA, which is under the control of inter-CeA inhibitory 

projections (from centrolateral nucleus to centromedial nucleus) and excitatory projections 

from the BLA to the CeA. Moreover, the BLA can inhibit the CeA by indirect pathways by 

activating the GABAergic neurons in the ICN (Figure 10) (Busti et al., 2011). 

Thus, glutamatergic neurons in the BLA could have dual roles: they can be ―anxiogenic‖ 

by directly increasing the CeA output, and ―anxiolytic‖ by decreasing the CeA output through 

indirect routes. Although the local injection of a 5-HT1A agonist into the BLA decreased 

anxiety (Li et al., 2006; Matsuzaki et al., 2011), there are two possibilities for how this effect 

may be achieved in the BLA: (i) the 5-HT1A agonist may inhibit ―anxiogenic‖ glutamatergic 

projection neurons through activation of 5-HT1A receptors; or (ii) the 5-HT1A agonist may 

stimulate 5-HT1A receptors on GABAergic neurons, which causes a disinhibition of 

―anxiolytic‖ glutamatergic projection neurons. The dual role of 5-HT on projection neurons 

and interneurons in the BLA may also apply to the effects mediated by 5-HT2A, 5-HT2C and 

5-HT3 receptors. 

 

 

Figure 10. Activities of glutamatergic projection neurons in BLA and anxiety. BLA, basolateral nucleus 

of the amygdala; BNST, bed nucleus of stria terminalis; CeA, central nucleus of the amygdala; CeL, 

centrolateral nucleus; CeM, centromedial nucleus; ICN, intercalated nucleus of the amygdala. 
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CONCLUSION 
 

The main focus of this chapter is the anxiolytic mechanism of SSRIs. From the 

descriptions above, it is concluded that the BLA is a major target of SSRIs. Local injection of 

5-HT1A agonists into the BLA produced anxiolytic effects, whereas local injection of 5-HT2C 

and 5-HT3 antagonists and systemic administration of 5-HT4, 5-HT6 and 5-HT7 antagonists 

produced anxiolytic effects. As SSRIs are known to increase extracellular 5-HT levels, and 

their injection into the amygdala reduces conditioned fear, it is suggested that the increased 5-

HT concentration in the BLA may stimulate 5-HT1A receptors on glutamatergic projection 

neurons or GABAergic interneurons in the BLA, but the overall output of the amygdala 

decreases. Another possibility is that 5-HT levels increased by SSRIs activate 5-HT2A 

receptors on GABAergic interneurons in the BLA. Moreover, the 5-HTergic neural system in 

the amygdala may be relevant in depression and aggression, and several subtypes of 5-HT 

receptors could be targets of new drugs for these disorders/traits. 
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