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ABSTRACT 
 

Synchronized rhythmic network activities are considered key elements of brain 

function and have been associated with sensory information processing, mnemonic 

functions and expression of distinct behavioral states. Through their coordinated effects 

on brain activity patterns, they appear to be particularly well-suited to support the 

formation and selective activation of distributed cell populations and neuronal circuits in 

the brain, a process fundamental to information processing and memory formation. These 

rhythmic oscillatory activities comprise a principal mechanism of network 

communication in the brain; specifically, rhythms in the theta frequency range (3-8 Hz) 

have been shown to be of particular relevance to different states of information 

processing, induction of synaptic plasticity and behavioral memory. Furthermore, 

recordings of human EEG have provided indirect support for the role of theta oscillation 

in memory functions. It is widely accepted that theta oscillations provide spatiotemporal 

codes, which support the temporal compression from the rather long time scale of 

behavior into the milliseconds time scale required for synaptic plasticity. Theta 

oscillations are observed during electrophysiological recordings at levels of individual 

neurons and in large neural networks. 

Among the widespread connections of the amygdala with various brain regions, 

interactions with the hippocampus are particularly important for memory formation. 

Considerable progress has been made in the understanding of synaptic circuits and the 

plasticity that underlie emotional learning, specifically during Pavlovian fear, in which 

the amygdala-hippocampal network plays a pivotal role. In animal studies, rhythmically 

synchronized activity at theta frequencies indicates coupling by theta oscillation in the 

amygdala-hippocampal circuit. Synchronized theta activity is increased between the 
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lateral amygdala (LA) and the CA1 subfield of the hippocampus after Pavlovian fear 

conditioning, which becomes significant during confrontation with conditioned fear 

stimuli and expression of fear behavior. Theta synchrony of the LA and hippocampal 

CA1 also increases during consolidation and reconsolidation of conditioned fear, and 

returns to baseline at remote stages of fear memory. Such temporal coordination may 

allow fear signals mediated by the amygdala to be associated with the contextual 

information provided by inputs to the hippocampal formation. Thus, synchronization of 

theta activities in the amygdala-hippocampal network represents a neuronal correlate of 

conditioned fear, apt to improve neuronal communication during memory formation and 

retrieval, which may be altered in disorders like epilepsy and schizophrenia. In summary, 

this chapter describes the critical role of amygdala-hippocampal theta synchrony in 

various stages of (fear) memory, and its potential contribution to emotional and cognitive 

impairments under distinct pathophysiological conditions. 

 

 

INTRODUCTION 
 

The electroencephalogram (EEG) represents a powerful tool in clinical diagnostics, and is 

an excellent tool for investigating brain wave activities. The first EEG in humans was 

recorded by Hans Berger (1929). Following Berger‘s initial classification of brain wave 

activities, the frequency bands were labeled with Greek letters in the order of their discovery 

according to an international classification: Alpha: 8-12 hertz (first discovery by H. Berger), 

Beta: 12-30 hertz, Gamma: >30 hertz, Delta: 0.5-4 hertz, Theta: 2-10 hertz. 

Besides this well-known nomenclature, further brain oscillations have been reported in 

numerous mammalian species, ranging from very slow oscillations with periods of seconds 

and minutes to very fast oscillations up to 600 Hz. 

However, since the EEG refers to the recording of the brain's spontaneous electrical 

activity originating primarily in the cerebral cortex, the low spatial resolution of scalp EEG 

recordings prevents the detailed analysis of temporal-spatial aspects of subcortical oscillatory 

patterns. The use of intracerebral (depth) electrodes, most frequently employed in recordings 

in rodents, is regarded as the best alternative method to overcome these experimental 

limitations. 

Since the link between single neuron activity and computation at the network level is 

poorly understood, simultaneous recordings of extracellular unit (single or multiple cells) 

activities with intracranial local field potentials provide an excellent insight into the 

cooperative mechanisms and properties of neuronal networks. 

Accumulating evidence suggests that cognitive functions do not only depend on localized 

neuronal activity, but also on the precise temporal activity pattern in cell assemblies and 

remote neural networks. Such precise synchronization of action potentials provides an 

efficient link between EEG signaling and mechanisms of cellular plasticity. For example, in a 

study on fear conditioning-induced neural plasticity, an increased synchronization of rat 

lateral amygdala neurons was detected after fear conditioning (Quirk et al., 1995). This was 

later confirmed in the amygdala-perirhinal pathway (Pare et al., 2002), as well as in the lateral 

amygdala of freely behaving cats during periods of anticipation of the unconditioned stimulus 

(Collins and Pare, 2000). Synchronized rhythmic network activities are considered key 

elements of mammalian brain function and have been associated with sensory information 

processing, mnemonic functions, and expression of distinct behavioral states (Fell and 
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Axmacher, 2011). Through their coordinated effects on brain activity patterns, they appear to 

be particularly well-suited to support the formation and selective activation of distributed cell 

populations and neuronal circuits in the brain, a process fundamental to information 

processing and memory formation. These rhythmic oscillatory activities comprise a principal 

mechanism of network communication in the brain. Specifically, rhythms in the theta 

frequency range (3-8 Hz) have been shown to be of particular relevance to different states of 

information processing, induction of synaptic plasticity and distinct behavioral expressions 

(Klimesch, 1996; Klimesch et al., 1997; Buzsaki, 2002; Buzsaki et al., 2003). It is widely 

accepted that theta oscillations provide spatiotemporal codes, which support the temporal 

compression from the rather long time scale of behavior into the milliseconds time scale of 

individual neurons required for synaptic plasticity in large neural networks. 

Finally, theta waves have been also assumed to provide a carrier function of mnemonic 

processes (Miller, 1989; Lisman and Idiart, 1995; Raghavachari et al., 2001). 

In this chapter, we focus on the critical role of amygdala-hippocampal neuronal 

synchronization in the theta frequency domain for subsequent stages of (fear) memory, and 

relate these findings to emotional and cognitive impairments in specific neuronal disorders 

studied in animal models, as well as in humans. 

 

 

HIPPOCAMPUS AND THETA ACTIVITY 
 

In the hippocampus, recordings of neuronal activity suggest the presence of two types of 

theta activity in numerous animal species (Sainsbury, 1970; Montoya and Sainsbury, 1985; 

Bland, 1986; Vanderwolf, 1988) and in humans (Meador et al., 1991; Fell et al., 2011). 

Atropine-resistant type 1 theta (6–12 Hz) occurs in the hippocampal formation during 

voluntary movements such as rearing, running and swimming; atropine-sensitive type 2 theta 

activity occurs usually in a frequency range at about 4–9 Hz during alert immobility, REM 

sleep and sensory processing (Leblanc and Bland, 1979; Bland, 1986). Type 2 theta can be 

elicited by strongly arousing stimuli, e.g. confrontation with predators or noxious stimuli 

(Cahill, 2001). The hippocampus exhibits theta rhythmicity as a result of phasic firing of its 

individual cells and inputs from its afferents. Extracellular currents underlying theta wave 

activities are generated mainly by the entorhinal input, the CA3 ‗Schaffer‘ collaterals and 

voltage-dependent Ca2+ currents in pyramidal cell dendrites. The hippocampal theta rhythm 

depends critically on projections from the medial septum, which in turn receives inputs from 

the hypothalamus and several brainstem areas. 

For the interested reader, there are a number of excellent reviews dealing with the 

physiological and pharmacological properties of theta oscillations (Bland, 1986; Vanderwolf, 

1988; Lopes da Silva et al., 1990; Stewart and Fox, 1990; Vinogradova, 1995; Vertes and 

Kocsis, 1997; Buzsaki, 2002). 

 

 

AMYGDALA AND THETA ACTIVITY 
 

In the amygdala, slice preparations in vitro (Pape et al., 1998; Pape and Driesang, 1998) 

and intracellular recordings in vivo (Pare et al., 1995) in various mammalian species (mouse, 
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rat, guinea pig and cat) revealed that neurons of the amygdala are capable of generating 

intrinsic rhythmic membrane potential oscillations, occurring at the theta frequency range of 

4–12 Hz. A subpopulation of neurons in the lateral and basolateral nuclei were shown to 

generate two types of so-called low- and high-threshold slow (theta) oscillations, which 

prevail at levels of the membrane potential subthreshold and suprathreshold to spike 

generation, respectively. Additionally, a subpopulation of parvalbumin-positive GABAergic 

neurons is able to synchronize synaptically connected principal neurons in the amygdala in 

the theta range (Rainnie et al., 2006; Woodruff and Sah, 2007), and a recent study reported a 

neuropeptide S (NPS)-mediated facilitation of subthreshold theta oscillations of neurons in 

the lateral amygdala (Meis et al., 2011). Furthermore, it has been demonstrated that theta 

oscillations in the amygdala are regulated by the intracellular adenylyl cyclase-cAMP system, 

in that an increase in intracellular cAMP concentration facilitates generation of oscillatory 

activity via modulation of the slow-conductance type K+ channels (see an excellent review of 

plastic synaptic network activites of the amygdala (Pape and Pare, 2010)). In accordance, the 

basolateral complex of the amygdala contains neurons that are phase-locked to local field 

potential oscillations in the theta range, as shown during paradoxical sleep (Pare and 

Gaudreau, 1996), anticipation of noxious stimuli (Pare and Collins, 2000) and fear memory 

retrieval (Lesting et al., 2011b). These results are additionally supported by human data. 

Magnetoencephalographic studies in humans could show an enhanced theta power in the 

amygdala after presentation of negative words (Garolera et al., 2007), and induced theta 

oscillations in the amygdala following coarse threat images presentation (Maratos et al., 

2009). In agreement with these findings, Rutishauser and colleagues described phase-locked 

single neuron activities to local theta oscillations (3-8Hz) in the human amygdala 

(Rutishauser et al., 2010). These intrinsic oscillatory properties of neurons in the amygdala 

may provide adequate recurring time windows for the facilitated integration of synaptic inputs 

at theta frequencies. The basolateral amygdaloid complex receives synaptic inputs from the 

hippocampus (Willingham, 1997), where theta waves have been observed (Bland and Bland, 

1986; Buzsaki, 2002), and from the anterior thalamic nuclei (Vertes et al., 2001), which could 

transfer hippocampal theta rhythms to the amygdala. Consistent with this notion is the 

observation that cellular theta activities in the perirhinal cortex and amygdala can be phase-

locked to entorhinal theta waves (Pare and Gaudreau, 1996; Collins and Pare, 1999), and thus 

most likely also to hippocampal theta waves. 

 

 

AMYGDALA-HIPPOCAMPAL INTERACTIONS RELATED TO FEAR 
 

Behavioral studies indicate that the amygdala is critically involved in the modulation of 

memory processing in distinct brain areas like the hippocampal formation (McGaugh et al., 

1993; Packard et al., 1994; Akirav et al., 2001). The amygdala-hippocampal network plays a 

pivotal role specifically during the various stages of Pavlovian fear-conditioning, a model that 

contributed substantially to the understanding of synaptic circuits and plasticity that underlie 

emotional learning. Briefly, in cued fear conditioning, a neutral stimulus (e.g., tone or light) 

becomes a conditioned stimulus (CS), while it is paired with an aversive stimulus (UCS, 

unconditioned stimulus, e.g., footshock) that evokes an emotional response. After several 

pairings of the CS and UCS (conditioning training), a fear conditioned response (CR) is 
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elicited by presentation of the originally neutral CS alone. In this paradigm, the subject comes 

to associate the aversive event with both the cue (tone) and the context (background context) 

in which the conditioning is performed. Foreground context conditioning occurs when an 

aversive event is delivered in a specific environment in the absence of a cue. In these 

situations, the context itself represents the predictive cue for the UCS (Rescorla and Wagner, 

1972), and the environment (e.g., conditioning chamber) becomes aversive and evokes a 

conditioned response (Fanselow, 1980; Grillon et al., 2006; Vansteenwegen et al., 2008; 

Luyten et al., 2011). When exposed to these stimuli later, the subject expresses natural 

anticipatory fear responses, typically freezing behavior in rodents. Freezing behavior 

corresponding to a behavioral arrest except for respiration movements is the most commonly 

monitored measure of conditioned fear. Thus, Pavlovian fear conditioning provides a simple, 

but precisely controllable, behavioral paradigm that results in rapid learning and formation of 

memory. 

Ample evidence indicates that brain structures underlying fear conditioning to an explicit 

CS (―cued‖ fear conditioning) and to the context partially overlap. In rodents, amygdala 

damage severely impairs both cued and context fear conditioning (Phillips and LeDoux, 

1992; LaBar and LeDoux, 1996; Muller et al., 1997), whereas lesions of the hippocampus 

impair context conditioning but have little effect on cued conditioning (Kim et al., 1993; 

Maren et al., 1997; Anagnostaras et al., 1999). However, it was unclear which temporal 

patterns of cell assemblies participate specifically in the amygdala-hippocampal network in a 

paradigm involving cued and contextual information. Additionally, the pattern of field 

potential activity related to defensive behavior (freezing), evoked either by conditioned or by 

indifferent sensory stimuli, is so far unknown. Here we present data in which electrical 

activity was simultaneously recorded via chronically implanted field potential electrodes in 

the lateral amygdala (LA) and CA1 subfield of the hippocampus in fear-conditioned and 

pseudo-conditioned control mice. 

 

 

AMYGDALA-HIPPOCAMPAL THETA SYNCHRONIZATION 
 

In an initial animal study (Seidenbecher et al., 2003), synchronization of neural activity in 

the LA with rhythmic theta oscillations in the CA1 subfield of the hippocampus was shown 

during retrieval of Pavlovian fear memory 24 hours after fear conditioning in freely behaving 

mice (Figure 1). Such synchronized activity patterns were specifically associated with the 

expression of conditioned freezing behavior. Hence, rhythmically synchronized activity at 

theta frequencies increased between the LA and CA1 after Pavlovian fear conditioning, and 

this increase became significant during confrontation of the animal with conditioned fear 

stimuli and expression of fear behavior. Furthermore, the reasonable assumption that the 

synchronized LA-CA1 theta activity recorded as local field potentials may be volume 

conducted from neighboring regions was proven to be arbitrary, firstly because synchronized 

amygdala-hippocampal theta activity was seen only during specific stages of fear memory 

(e.g., not during exploratory behavior, when only the CA1 of the hippocampus expresses high 

theta type 1 power at 8-10Hz), and secondly, LA-CA1 theta phase relations showed a varying 

pattern characteristic for different states of fear memory (Seidenbecher et al., 2003). 
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Figure 1. Amygdala-hippocampal theta synchrony after fear conditioning. Local field potential 

recordings revealed theta activity in both the lateral amygdala and CA1 of the hippocampus during 

presentation of the conditioned stimulus (CS+) (marked by arrows) compared to the presentation of an 

unconditioned control stimulus (CS-). 

The coherent rhythmic activity at theta frequencies between the LA and CA1 increased 

upon presentation of the CS after fear conditioning, which resulted from an entrainment of 

hippocampal activity into amygdaloid theta waves (Figure1). In behavioral terms, this 

becomes significant as an indicator of emotional relevance during defined defensive 

responses to conditioned fear stimuli, such as freezing and risk assessment. 

Indeed, freezing of fear-conditioned mice during retrieval of fear-conditioned memory 

one day after conditioning was associated with significantly stronger theta synchronization 

than during expression of risk assessment behavior. This observation indicated that elicitation 

of conditioned freezing behavior is associated with type 2 theta activity and theta 

synchronization in the amygdala-hippocampal network. As described above, conditioned 

freezing involves both the LA and the dorsal hippocampus. Although the latter region may be 

more concerned with configural processing and contextual tasks, a hippocampal lesion can 

still reduce cued conditioned freezing performance (Maren et al., 1997). Subsequent analyses 

of amygdala-hippocampal synchronization during contextually induced freezing behavior 

indicated that field potential oscillations in the LA were significantly synchronized with 

hippocampal rhythms in the theta range, when compared to the LA-CA1 interaction in a 

neutral context or during cued retrieval. Therefore, synchronization of theta activities in the 

amygdala-hippocampal network seems to represent a neuronal correlate of retrieval of 

conditioned fear behavior in those circuits apt to improve neuronal communication and/or the 

segregation of neuronal assemblies. 
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In a following study, the precise contribution of LA and CA1 to and their interplay during 

fear memory formation have been shown at different stages of fear memory consolidation and 

retention. This study revealed enhanced amygdala-hippocampal theta phase coherence during 

retrieval of fear memory at long-term (24 h post fear-conditioning training), but not short-

term (2 min, 30 min and 2 h post training) memory stages, following both contextual and 

auditory cued fear conditioning (Narayanan et al., 2007a). Additionally, retrieval of remotely 

conditioned fear (30 days post training) failed to induce LA-CA1 synchronization; however, 

retention of memory was still seen (high percentage of freezing response). These findings also 

revealed that the theta synchrony is not related to the freezing behavior per se, but amygdala-

hippocampal interaction reflects a dynamic interaction of ensemble activities related to 

various stages of fear memory consolidation and⁄or retention, and supports the notion that 

recent and remote memories are organized through different network principles. 

In a subsequent study (Narayanan et al., 2007b), amygdala-hippocampal theta activity in 

mice was investigated during re-consolidation of a remote contextual fear memory by re-

exposing animals to the shock context 30 days after fear training. Consistent with previous 

results, high theta synchronization was no longer apparent during re-exposure to the shock 

context, but was significantly higher one day after context re-exposure. Next, animals from 

the remote memory group were divided into two independent groups: one group received an 

additional training session in the same shock context (contextual re-exposure + shock), the 

second group of mice received a single contextual exposure for 3 min, but without US 

presentation (contextual re-exposure only). Twenty-four hours later, when both groups were 

tested for fear memory in the shock context, animals showed high freezing, which was very 

similar to that during remote fear memory (contextual re-exposure + shock, 46.8%; 

contextual re-exposure only, 38.0%). Interestingly, cross-correlograms from defined freezing 

periods revealed significantly high levels of theta synchronization during freezing in animals 

of both groups, indicating that the re-exposure to the fearful context itself can re-elicit 

synchronized activity in the amygdala-hippocampal network, irrespective of the occurrence of 

fearful stimuli. Hence, such temporal coordination may allow fear signals mediated by the 

amygdala to be associated with the contextual information provided by inputs to the 

hippocampal formation. This hypothesis is further strengthened by recent results from Popa 

and colleagues (Popa et al., 2010), which could show that the strength of consolidated fear 

memory is correlated to the strength of theta synchrony between the amygdala and 

hippocampus during paradoxical sleep, with the hippocampus preferentially driving the 

activity of the amygdala. Taken together, synchronization of theta activities in the amygdala-

hippocampal network represents a neuronal correlate of conditioned fear, apt to improve 

neuronal communication during memory formation and retrieval. 

Fear memory acquisition and retrieval are subject to regulatory mechanisms that control 

or modify fear memories. Fear extinction refers to one of those and represents a simple form 

of behavioral regulation, in which conditioned fear responses decrease after repeated 

presentation of the CS alone without a noxious US (Myers and Davis, 2007). Extinction is 

considered new learning rather than erasure of the fear memory (Myers and Davis, 2002), and 

interconnections between the amygdala, hippocampus and infralimbic medial prefrontal 

cortex (mPFC) are crucial for the physiological regulation of fear memory formation and 

extinction (Maren and Quirk, 2004; Myers and Davis, 2007; Quirk and Mueller, 2008). While 

many studies have addressed the contribution of each of these brain areas individually, it is of 

particular interest to indentify the role of these individual components in an integrated 
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network system during various stages of learning, like memory formation, maintenance and 

extinction, since their function is likely to change dynamically in a time-dependent manner as 

these processes unfold. A recent study showed that, by combining multiple-site local field 

potential (LFP) and unit recordings in freely behaving mice, theta oscillations functionally 

and temporally connect the LA, CA1 and mPFC network in a highly specific manner during 

fear memory retrieval and extinction (Lesting et al., 2011b). Theta coupling increased in the 

CA1-LA-mPFC network during retrieval of conditioned fear, declined during extinction 

learning and partly rebounded during recall of extinction in the LA-mPFC and CA1-mPFC, 

while remaining at low levels in the CA1-LA pathway, indicating a shift of directed theta 

synchrony in this tripartite network (Figure 2). Furthermore, as a proof of principle, 

interference with theta-coupled synchrony through local electrical microstimulation 

influenced conditioned fear responses depending on the theta phase. Short trains of theta 

frequency stimulation delivered to LA and CA1 during extinction learning, meant to mimic 

LA-CA1 coupling typical of fear memory consolidation, resulted in extended CS-induced 

freezing during extinction learning and impaired extinction recall. This effect was observed 

when theta stimuli were applied ‗‗in-phase‘‘ between LA and CA1, but not with a phase shift 

of 180 degrees (―anti-phase‖) (Lesting et al., 2011b). These data support the hypothesis that 

theta synchrony is an indicator of fear-conditioned stimuli during retrieval and recall of 

extinction of fear memory in the CA1-LA-mPFC network. Theta synchrony further 

coordinates inter-areal communication in a specific and dynamic manner supported by a very 

recent study. Narayanan et al. (2011) first described dynamic changes in directionality during 

different stages of fear memory in serotonin transporter (5-HTT) deficient mice. In wildtype 

(5-HTT +/+) mice, however, interactions between the LA and mPFC during early fear 

retrieval were directed by theta oscillations originating in the LA, which shifted then to the 

mPFC across extinction learning and extinction recall (Narayanan et al., 2011). 

 

 

Figure 2. Theta synchrony during stages of conditioned fear. Retrieval of conditioned fear. During 

initial fear memory retrieval, the CA1-LA-mPFC network displays high theta synchrony between all 

areas (Lesting et al., 2011b), wherein the LA is driving theta oscillations in the mPFC (Narayanan et al., 

2011), possibly coordinated by directed CA1 theta activity, as shown for consolidated fear memories 

during paradoxical sleep (Popa et al., 2010). Fear extinction learning: Theta synchrony declines during 

extinction learning between all areas (Lesting et al., 2011b). Recall of fear extinction: Coupled theta 

oscillations partly re-established during recall of fear extinction in the LA-mPFC and CA1-mPFC 

network, while remaining at a low level in the CA1-LA pathway (Lesting et al., 2011b), but now with 

the mPFC directing theta oscillations in the LA (Narayanan et al., 2011). Thickness of lines indicates 

the strength of theta synchrony; arrows indicate directed theta synchrony of one brain area to the other. 
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The importance of theta synchrony in the domain of fear memory formation, retrieval and 

extinction is also reflected in experimental studies working on models of fear and anxiety 

disorders. Bergado-Acosta and coworkers (Bergado-Acosta et al., 2008) described a critical 

role of GAD65, an isoform of glutamic acid decarboxylase involved in GABA synthesis, in 

consolidation and generalization of fear memory. 

Targeted ablation of the GAD65 gene in Gad65-/- mice resulted in a pronounced context-

independent, intramodal generalization of auditory fear memory during long-term (24 h or 14 

d) but not short-term (30 min) memory retrieval. The temporal specificity of both gene 

regulation and memory deficits in Gad65 mutant mice suggests that GAD65-mediated GABA 

synthesis is critical for the consolidation of stimulus-specific fear memory. This function 

appears to involve a modulation of neural activity patterns in the amygdalo-hippocampal 

pathway, as indicated by a reduction in theta frequency synchronization between the 

amygdala and hippocampus of Gad65−/− mice during the expression of generalized fear 

memory. Additionally, another study showed that Gad65-/- mice displayed an impaired 

extinction of cued, but apparently not contextual fear, associated with maintained theta 

frequency synchronization between the amygdala and hippocampus (Sangha et al., 2009). 

Chronic stress, as a model for post-traumatic stress disorder, induced changes in paradoxical 

sleep durations, in which synchronized theta oscillations between the amygdala and 

hippocampus decreased during REM sleep in rats with stress-enhanced REM sleep durations 

(Hegde et al., 2011). 

Furthermore, social defeat, induced in a resident-intruder paradigm in mice, impaired 

extinction of cued fear accompanied with increased theta synchronization between the 

amygdala and mPFC in mice (Narayanan et al., 2011). This effect was even more pronounced 

in animals with a genetically encoded variation of the 5-HTT expression. Taken together, 

these experimental data clearly show that changes in fear expression due to neuromodulatory 

manipulations or environmental factors like stress are often reflected by changes in theta 

coordinated communications between brain areas processing fear. 

 

 

HUMAN AMYDALA-HIPPOCAMPAL INTERACTION AND CHANGES 

UNDER DISTINCT PATHOPHYSIOLOGICAL STATES 
 

Human data could further corroborate the close interaction between the amygdala and the 

hippocampus in fear processing, or in more general terms, the encoding of emotional 

memories and memory formation. For example, Richardson et al. described a reciprocal 

dependence between the amygdala and hippocampus during encoding of emotional memories 

(Richardson et al., 2004), Reinders et al. detected an earlier amygdala-hippocampal activation 

for fearful faces compared to neutral faces (Reinders et al., 2006). In a very recent study, 

Ritchey et al. (2011) found that the amygdala-hippocampal interaction or association was 

stronger for negative information compared to positive. In terms of fear, functional 

neuroimaging studies have shown changes in metabolic activity in the amygdala and 

hippocampus during different stages of fear conditioning (Knight et al., 2005), and similar as 

well as dissociable, roles for the amygdala and hippocampus were described by comparing 

cued and context fear conditioning (Marschner et al., 2008). For ethical reasons, intracerebral 
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recordings in humans can be performed exclusively in patients who received electrode 

implantations for diagnostic purposes. 

In fact, theta-coordinated communications between the amygdala and the hippocampus 

were also detected in humans. Using intracerebral EEG recordings in drug-resistant temporal 

lobe epilepsy (TLE) patients, Babiloni et al. (2009) showed increased temporal 

synchronization in the theta range within a cerebral network, including hippocampus and 

amygdala, related to an immediate recall during an auditory verbal learning test. As shown by 

Rutishauser et al. (2010), the memory strength, measured in individuals engaged in a learning 

task of novel images, was predicted by tight coordination (phase-locked) of single neuronal 

activity recorded together with local theta oscillations (3-8Hz) in the amygdala and 

hippocampus. This study revealed that more stereotyped neuronal spiking predicted better 

memory, as indicated by higher retrieval confidence reported by the subjects. 

Alterations of amygdala-hippocampal activities were also discussed under distinct 

pathophysiological states; e.g., TLE and schizophrenia. Changes in theta oscillations were 

described in animal models of pilocarpine-induced epilepsy (Chauviere et al., 2009; Marcelin 

et al., 2009; Garcia-Hernandez et al., 2010; Tejada et al., 2010), and a recent study showed 

that impaired extinction of fear in mice with spontaneous recurrent seizures was paralleled by 

maintained amygdala-hippocampal theta frequency synchrony (Lesting et al., 2011a). 

Furthermore, as mentioned above, human TLE patients showed increased functional theta 

coupling during successful immediate recall, which was absent in a control subject with drug-

resistant TLE and a wide lesion of the hippocampus (Babiloni et al., 2009). As reviewed by 

Uhlhaas et al. (2008), abnormal theta activities were also discussed in schizophrenia patients. 

Schmiedt et al. (2005) described a lack of increased evoked theta activity during a working 

memory task in patients with schizophrenia, and Ford et al. (2002) reported an absence of 

theta coherence between frontal and temporal lobes in the preparation for speech production 

in schizophrenic patients with auditory hallucinations. The deficit in functional theta 

connectivity in patients with schizophrenia is further supported by the work of Sigurdsson et 

al. (2010) who described a reduced working memory related to theta synchrony in a mouse 

model of schizophrenia, measured by both phase-locking of prefrontal cells to hippocampal 

theta oscillations and by coherence of prefrontal and hippocampal local field potentials. 

 

 

CONCLUSION 
 

It is generally accepted that cellular and synaptic plasticity in the central nervous system 

is essential for the storage and representation of new environmental information. Brain 

oscillation or, more specifically, synchronization of neuronal activities of remote brain 

regions is one critical form of experience-dependent plasticity in the mammalian brain. The 

findings reviewed above are interpreted on the basis of brain network oscillations. It is 

suggested that the encoding of emotional memory is reflected by functional amygdala-

hippocampal connectivity, indicated by theta frequency synchrony. The reported findings also 

provide a link between modulation of theta oscillations by memory-induced behaviors and 

mechanisms of neuronal plasticity, wherein the amygdala and hippocampal network systems 

seem to be well-suited to rhythmically oscillate at theta frequencies. Furthermore, it has been 
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shown that alterations of amygdala-hippocampal synchrony are a concomitant phenomenon in 

animal models and patients suffering from psychiatric disease. 

However, recent data revealed also that synchronized activity in the theta range is not 

restricted to amygdala-hippocampal connectivity, but includes also activities in widespread 

neuronal networks in the brain. Therefore, further detailed studies, e.g., recordings of field 

potentials and single neuronal activities from many brain structures simultaneously, would 

provide a much clearer picture as to how memory is encoded and exchanged in the brain. 
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