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Abstract

The amygdalar nuclear complex and hippocampal/parahippocampal region are key components of 

the limbic system that play a critical role in emotional learning and memory. This review discusses 

what is currently known about the neuroanatomy and neurotransmitters involved in 

amygdalohippocampal interconnections, their functional roles in learning and memory, and their 

involvement in mnemonic dysfunctions associated with neuropsychiatric and neurological 

diseases. Tract tracing studies have shown that the interconnections between discrete amygdalar 

nuclei and distinct layers of individual hippocampal/parahippocampal regions are robust and 

complex. Although it is well-established that glutamatergic pyramidal cells in the amygdala and 

hippocampal region are the major players mediating interconnections between these regions, 

recent studies suggest that long-range GABAergic projection neurons are also involved. Whereas 

neuroanatomical studies indicate that the amygdala only has direct interconnections with the 

ventral hippocampal region, electrophysiological studies and behavioral studies investigating fear 

conditioning and extinction, as well as amygdalar modulation of hippocampal-dependent 

mnemonic functions, suggest that the amygdala interacts with dorsal hippocampal regions via 

relays in the parahippocampal cortices. Possible pathways for these indirect interconnections, 

based on evidence from previous tract tracing studies, are discussed in this review. Finally, 

memory disorders associated with dysfunction or damage to the amygdala, hippocampal region, 

and/or their interconnections are discussed in relation to Alzheimer's disease, posttraumatic stress 

disorder (PTSD), and temporal lobe epilepsy.
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This review discusses the neuroanatomy of amygdalohippocampal interconnections, including the 

participation of glutamatergic pyramidal neurons (red) and GABAergic nonpyramidal neurons 

(black), their functional roles in learning and memory (blue), and their involvement in the memory 

impairments seen in Alzheimer's disease (AD), posttraumatic stress disorder (PTSD), and 

temporal lobe epilepsy (TLE).
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Introduction

The amygdalar nuclear complex and hippocampal/parahippocampal region are key 

components of the limbic system that play a critical role in emotion, learning and memory, 

and complex behavior. The interconnections between discrete amygdalar nuclei and distinct 

hippocampal/parahippocampal regions are robust and complex. There has been a resurgence 

of interest in the finer details of the anatomy of these interconnections with the advent of 

optogenetic techniques to selectively activate different components of 

amygdalohippocampal circuits in brain slices and conscious behaving animals (Goshen et 

al., 2011; Sparta et al., 2014; Hübner et al., 2014; Felix-Ortiz and Tye, 2013, 2014; Bazelot 

et al., 2015). This review discusses what is currently known about the neuroanatomy and 

neurotransmitters involved in amygdalohippocampal interconnections, their functional roles 

in learning and memory, and their involvement in mnemonic dysfunction in Alzheimer's 

disease, posttraumatic stress disorder (PTSD), and temporal lobe epilepsy.

Anatomy of the amygdalar nuclear complex and hippocampal region

In humans and non-human primates the amygdalar nuclear complex and hippocampal region 

are juxtaposed in the anterior part of the medial temporal lobe, with the amygdala located 

just in front of the hippocampus. In rodents and other mammals with less developed 

neocortices they exhibit a similar juxtaposition in the caudal halves of the cerebral 

hemispheres. In all mammals the amygdalar nuclear complex consists of over a dozen 

nuclei, each with distinct extrinsic and intra-amygdalar connections (Price et al., 1987; 

Pitkänen, 2000; Fig. 1A). Several different nomenclatures are used to denote the nuclei of 

the rat amygdala, the main focus of this review (Table 1). While the text of this review will 

mainly use the nomenclature of the Paxinos and Watson atlas (1997), some of the figures use 

other nomenclatures. Both the cortical amygdalar nuclei (anterior, posterolateral, and 

posteromedial cortical nuclei, and nucleus of the lateral olfactory tract) and the basolateral 

amygdalar nuclear complex (BLC; lateral, basolateral, and basomedial nuclei, and the 

amygdalohippocampal area), which are located deep to the cortical nuclei, have cortex-like 

cell types. As in the cortex, the projection neurons of the cortical and basolateral nuclei, 

which constitute about 85% of neurons, are glutamatergic pyramidal or pyramidal-like 

neurons with spiny dendrites (McDonald, 1992a, b). The remaining neurons in the cortical 

and basolateral nuclei are mainly GABAergic nonpyramidal neurons with spine-sparse 

dendrites. Most of the nonpyramidal neurons appear to be interneurons and, as in the 
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cerebral cortex, several distinct subpopulations can be distinguished on the basis of their 

content of calcium-binding proteins and peptides, including: (1) parvalbumin (PV), (2) 

somatostatin (SOM), (3) vasoactive intestinal peptide (VIP), and (4) cholecystokinin (CCK) 

(Kemppainen and Pitkänen, 2000; McDonald and Betette, 2001; McDonald and Mascagni, 

2001, 2002; Mascagni and McDonald, 2003; Mascagni et al., 2009; Spampanato et al., 

2010). In addition, it has been demonstrated that the expression of neuropeptide Y (NPY) 

defines a distinct subpopulation of SOM+ nonpyramidal neurons (McDonald, 1989; 

McDonald et al., 1995). In contrast, the so called “extended amygdalar nuclei” consisting of 

the central and medial amygdalar nuclei, as well as areas in the bed nucleus of the stria 

terminalis (BNST) with phenotypically-similar neurons, contain predominantly GABAergic 

spiny projection neurons, like the striatum (McDonald, 1992a, 2003).

Each nucleus of the amygdala has a characteristic set of interconnections with extrinsic brain 

regions, as well as with other amygdalar nuclei (Pitkänen, 2000). The amygdala receives 

sensory information from all sensory modalities via inputs from the cortex and thalamus, 

including complex polymodal contextual inputs from the hippocampal region (McDonald, 

1998). The cortical and medial nuclei mainly have interconnections with olfactory areas, 

including the olfactory bulb, whereas the BLC has additional interconnections with cortical 

association areas that process non-olfactory sensory information. The BLC has one-way 

projections to the central nucleus and striatum, which serve as output pathways for motor/

autonomic responses and emotional behavior (LeDoux, 2000; McDonald, 1992a, 2003).

The term hippocampal region, as used in this review, consists of the hippocampal formation 

(dentate gyrus, cornu ammonis fields CA1-CA3, and subiculum) as well as the adjacent 

parahippocampal cortices (including the entorhinal cortex, perirhinal cortex, postrhinal 

cortex, parasubiculum and presubiculum) (Fig. 1B). In all mammals information is 

transmitted through the hippocampal region by a series of connections that includes the so-

called “trisynaptic circuit” of the hippocampus (Witter et al., 1989, 2000). Olfactory inputs 

and highly-processed information from sensory association cortices target the perirhinal and 

postrhinal cortices. The latter areas in turn project to the entorhinal cortex (ERC), which has 

been called the gateway to the hippocampal formation. The efferents of the ERC to the 

hippocampal formation, which constitute the perforant pathway, target the hippocampus, 

including the dentate gyrus. Following the processing of information by the classic 

trisynaptic circuit of the hippocampus, the subiculum then projects back to the ERC. The 

ERC then sends information, including mnemonic information, processed by the 

hippocampus to the neocortex via a relay in the perirhinal and postrhinal cortices. These 

structures and circuits of the hippocampal region are critical for memory formation and 

constitute the medial temporal lobe memory system (MTLMS; Squire and Zola-Morgan, 

1991). As discussed in this review the amygdala has extensive, complex interconnections 

with the MTLMS that are critical for emotional memory.

Anatomy of hippocampal/parahippocampal projections to the amygdala

The connectivity of the amygdala with the hippocampal region is very complex, involving 

interconnections of discrete amygdalar nuclei with distinct hippocampal/parahippocampal 

laminae in all species studied. Interconnections between the amygdala and hippocampal/
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parahippocampal areas in the rat and other species have been discussed in previous reviews 

(e.g., Price et al., 1987; Witter, et al., 1989; McDonald, 1998; McDonald et al. 1999; 

Pitkänen, 2000; Pitkänen et al., 2000; Petrovich et al., 2001). The following account is based 

on these reviews and the references therein, as well as on more recent studies, and focuses 

on the connections seen in the rat (see these reviews for additional details and references). 

Virtually all of the information on the anatomy of these interconnections in the rat was 

obtained from anterograde tracing studies. There have been few studies in which sensitive 

retrograde tracers such as Fluorogold or cholera toxin B have been injected into discrete 

amygdalar nuclei or hippocampal/parahippocampal areas.

The hippocampal region consists of polymodal association areas that integrate highly-

processed sensory information from all sensory modalities into complex configurational 

representations such as context. Projections from the hippocampal formation proper to the 

amygdala arise solely from CA1 and the subiculum (Fig. 2; Pitkänen, 2000; Pitkänen et al., 

2000; McDonald, 1998), both of which receive outputs from the trisynaptic circuit. There 

are no projections to the amygdala from the dentate gyrus, CA3, or CA2. Moreover, the 

inputs from CA1 and the subiculum arise only from the temporal part of the septotemporal 

axis of the hippocampal formation (i.e., the ventral subiculum and adjacent portions of 

CA1). This ventral portion of the rodent hippocampus, which corresponds to the anterior 

part of the primate hippocampus, is mainly involved in stress, emotion, and affect, whereas 

the dorsal hippocampus, which corresponds to the posterior part of the primate 

hippocampus, performs primarily cognitive functions (Fanselow and Dong, 2010; Strange et 

al., 2014). The ventral subiculum (VSub) has widespread projections to the amygdala that 

target the BLC, cortical nuclei, and anterior portions of the medial nucleus (Figs. 2 and 3; 

Canteras and Swanson, 1992; McDonald, 1998; Kishi et al., 2006). Most portions of the 

central nucleus receive only light projections. The ventral part of CA1 (VCA1), located 

adjacent to the VSub, has projections to the amygdala that are lighter than those of VSub. 

The rostral portion of VCA1 mainly targets the amygdalohippocampal area and medial part 

of the anterior basolateral nucleus (BLa), whereas the caudal part of VCA1 has more 

widespread projections that target most amygdalar nuclei with the exception of the caudal 

medial nucleus, rostral part of the BLC, and most portions of the central nucleus (Kishi et 

al., 2006). In general, the rostral-to-caudal axis of origin of VSub/VCA1 projections 

corresponds to the medial-to-lateral axis of termination in the amygdala (Kishi et al., 2006). 

Electron microscopic studies have shown that the projections from the VSub/VCA1 to the 

BLC mainly form asymmetrical (excitatory) synapses with distal dendrites and spines of 

pyramidal cells, but dendrites of GABAergic interneurons are also targeted (Müller et al., 

2011; Bazelot et al., 2015). A recent in vivo study that combined optogenetic stimulation of 

VCA1 pyramidal neurons with recording in the BLa found that some of the interneurons that 

received excitatory inputs from VCA1 mediated feedforward inhibition onto neighboring 

BLa pyramidal neurons (Bazelot et al., 2015).

The entorhinal, perirhinal, and postrhinal cortices of the parahippocampal region have 

widespread and complex projections to the amygdala. Entorhinal projections to the 

amygdala arise mainly from the lateral entorhinal cortex (LERC). Krettek and Price (1977) 

divided the rat LERC into three fields arranged from lateral to medial, termed the 

dorsolateral (DLEA), ventrolateral (VLEA), and ventromedial (VMEA) entorhinal areas 
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(Fig. 1B). The DLEA and VLEA correspond, respectively, to the dorsal intermediate (DIE) 

and ventral intermediate (VIE) entorhinal fields of Insausti and coworkers (1997). The 

rostral portion of the VLEA of Krettek and Price (1977), located just caudolateral to the 

amygdala, corresponds to the “amygdalo-entorhinal transitional field” (AE) of Insausti and 

coworkers (1997), the “postpiriform transition area” of Petrovich and coworkers (2001), and 

the “amygdalopiriform transitional area” (APIR) of Paxinos and Watson (1997); it is 

arguably not a portion of the entorhinal cortex since it does not have projections to the 

dentate gyrus, although it does project to temporal portions of CA3, CA1, and the subiculum 

(Jolkonen et al., 2001).

Most of the projections of the LERC to the amygdala arise from layers 5 and 6 of the DLEA 

and VLEA (Fig. 1B). These deep layers of the LERC do not have significant projections to 

the hippocampal formation, but instead receive outputs from the hippocampus (Amaral and 

Witter, 1995). The main amygdalar targets of the DLEA and VLEA are the BLC, lateral 

capsular portion of the central nucleus (CLC), and all three subdivisions of the cortical 

nuclear complex (Figs. 2 and 4). These projections are topographically organized such that 

the lateral-to-medial gradient in the LERC origins of these projections coincides with the 

lateral-to-medial gradient in their terminations in the BLC and cortical amygdalar complex 

(McDonald and Mascagni, 1997; Fig. 4). APIR is distinct from more caudal portions of the 

entorhinal region by having very widespread projections to the amygdala and robust 

projections to the lateral subdivision of the central nucleus and its “homolog” in the bed 

nucleus of the stria terminalis (BNST), the dorsolateral subdivision of the BNST (McDonald 

et al., 1999; Jolkonen et al., 2001). Both the dorsal (area 36) and ventral (area 35) portions of 

the perirhinal cortex project to the BLC (especially the lateral nucleus), lateral capsular 

portion of the central nucleus (CLC), and the posterolateral cortical nucleus (Copl) 

(McDonald, 1998; Shi and Cassell, 1999) (Figs. 2 and 5). The postrhinal cortex has a 

projection to the lateral nucleus (Fig. 2). Electron microscopic studies have shown that the 

projections from the entorhinal and perirhinal cortices to the lateral and basolateral 

amygdalar nuclei form asymmetrical (excitatory) synapses with spines, and to a lesser extent 

distal dendrites, of pyramidal cells (Smith et al., 2000).

Anatomy of amygdalar projections to hippocampal/parahippocampal areas

The projections from the nuclei of the amygdala to hippocampal/parahippocampal areas 

largely reciprocate the projections of hippocampal/parahippocampal areas to the amygdala 

with the exception of the central nucleus and the dorsolateral BNST. The central nucleus and 

the dorsolateral BNST have spiny GABAergic neurons that closely resemble the medium 

spiny neurons of the striatum (McDonald, 1982, 1992a; 2003). Like the striatum these 

amygdalar nuclei receive cortical inputs but do not project back to the cortex (McDonald, 

2003). In addition, the intercalated nuclei and the rostral pole of BLa do not project to 

hippocampal/parahippocampal areas. The remaining amygdalar nuclei project to various 

hippocampal/parahippocampal areas and target distinct layers in these regions (Fig. 6), thus 

interacting with different sets of extra-amygdalar inputs to these layers (see Pitkänen et al. 

[2000] and Petrovich et al. [2001] for a detailed description of these laminar terminations). 

Since each amygdalar nucleus receives convergent inputs from a characteristic set of sensory 

association areas and thalamic nuclei, and also has a characteristic set of intra-amygdalar 
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connections, each amygdalar nucleus would appear to transmit distinct information to its 

targets in the hippocampal region. In regards to emotional learning and memory, this 

information would pertain to the emotional salience of sensory stimuli, based on the 

association of these stimuli with aversive stimuli or reward in the amygdala.

The dentate gyrus receives no direct inputs from the amygdala (Figs. 2, 6), and has no direct 

projections to the amygdala (see above). Therefore, all information transfer between these 

two structures is indirect. However the fact that injections of the excitatory amino acids into 

the amygdala, or electrical stimulation of the basolateral amygdala, induce c-fos expression 

in the DG clearly indicates that indirect pathways do exist (Cahill and McGaugh, 1998; 

Nakao et al., 2004). Although CA3 and CA2 do not have projections to the amygdala, the 

temporal parts of CA3 and CA2 receive projections from the amygdala. Pikkarainen and 

coworkers (1999) using PHA-L as an anterograde tracer found that the only amygdalar 

nucleus with significant projections to the temporal part of CA3 was the caudomedial part of 

the posterior basolateral nucleus (BLp). However, in a later PHA-L study, Petrovich and 

coworkers (2001) reported significant projections from the lateral, posterior basolateral, 

amygdalohippocampal, and posterior cortical nuclei, and lighter projections from the 

posterolateral cortical and posterior basomedial nuclei (Fig. 6).

The VSub and VCA1 receive more robust amygdalar inputs. The amygdalar projections to 

these regions arise from the lateral, anterior and posterior basolateral, posterior basomedial, 

posteromedial cortical and posterolateral cortical nuclei, as well as from the 

amygdalohippocampal and anterior amygdaloid areas (Figs. 2, 6; Pikkarainen et al., 1999; 

Pitkänen et al., 2000; Petrovich et al., 2001; Kempainnen and Pitkänen, 2004). Electron 

microscopic studies have shown that the projections from the basolateral nucleus to VSub 

form asymmetrical (excitatory) synapses with dendritic spines and distal dendritic shafts of 

subicular pyramidal cells (French et al., 2003). The parasubiculum receives projections 

mainly from the lateral, posterior basolateral, and basomedial nuclei (Figs. 2, 6; Pikkarainen 

et al., 1999; Pitkänen et al., 2000; Petrovich et al., 2001).

The two main entorhinal targets of amygdalar projections are the DLEA and VLEA of the 

LERC. Anterograde tracing studies have shown that the predominant inputs to DLEA and 

VLEA are from the lateral, posterior basolateral, basomedial, medial, posterolateral cortical, 

and posteromedial cortical nuclei (Figs. 2, 6; Pikkarainen et al., 1999; Pitkänen et al., 2000; 

Petrovich et al., 2001). The densest projections originate from BLC and mainly target layers 

3 and 5. In contrast to layer 2, which sends information mainly to the dentate gyrus and CA3 

(i.e., early stages of the trisynaptic circuit), layer 3 projects to CA1 and the subiculum, 

which receive information already processed by the trisynaptic circuit of the hippocampus 

(Amaral and Witter, 1995). The main LERC target of CA1 and subiculum is layer 5, which 

is the other main layer targeted by the amygdala. Thus, hippocampal areas (VCA1/VSub) 

and LERC layers (layers 3 and 5) that receive the most robust amygdalar projections are 

areas that receive, directly or indirectly, information already processed by the trisynaptic 

circuit. Hippocampal areas VCA1/VSub and the deep layers of the LERC layers (layers 5 

and 6) are also the main origin of projections from the hippocampal region to the amygdala. 

It is also of interest that the deeper layers of the LERC are the main origins of projections to 

the perirhinal cortex (Burwell and Amaral, 1998), which in turn has widespread connections 
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to the neocortex that are important for memory storage. In regards to the perirhinal and 

postrhinal cortices, most of the amygdalar inputs to these areas arise from the lateral and 

posterior basomedial nuclei (Figs. 2, 6).

However, there are some direct amygdalar inputs to layer 2 of the entorhinal cortex, the 

origin of the perforant pathway to the dentate gyrus (and other hippocampal areas). Thus, 

the posterolateral cortical nucleus has stronger projections to layer 2 than to the deeper 

layers of the LERC (Krettek and Price, 1977; Luskin and Price, 1983). In addition, there is 

evidence that the posterior basolateral nucleus has a strong projection to a portion of layer 2 

of the medial entorhinal area (MERC) as well as to the adjacent part of the parasubiculum 

(Fig. 6; Petrovich et al., 2001). Finally, the amygdalohippocampal area appears to have a 

projection layer 1 of the MERC which contains dendrites of layer 2 neurons (Fig. 6; 

Petrovich et al., 2001).

In a recent study performed in our laboratory the amygdalar projections to the DLEA and 

VLEA were investigated using retrograde tracing with Fluorogold (McDonald and Zaric, 

2015a). The pattern of retrograde labeling in the amygdala produced by injections of FG into 

each area was distinct (Fig. 7). Injections into the DLEA produced retrograde labeling in all 

amygdalar nuclei with the exception of the central nucleus, intercalated nuclei, posterodorsal 

medial nucleus, and the rostral pole of the anterior basolateral nucleus. The density of 

labeled neurons was much greater with injections into the rostral DLEA compared to the 

caudal DLEA. In contrast to DLEA injections, injections into the VLEA produced 

retrograde labeling that was mainly confined to the caudal lateral nucleus and the cortical 

nuclei (Fig. 7). In general these findings are consistent with anterograde tract tracing studies 

in the rat (Krettek and Price, 1977; Luskin and Price, 1983; Canteras et al., 1992, 1995; 

Petrovich et al., 1996, 2001; Pikkarainen et al., 1999; Kemppainen et al., 2002; Majak and 

Pitkänen, 2003a). It is not clear, however, why we did not see evidence for projections of the 

VLEA to the medial and basolateral nuclei as seen in anterograde tracing studies of these 

nuclei (Canteras et al., 1995; Pikkarainen et al., 1999; Petrovich et al., 2001).

Glutamatergic pyramidal neurons and a small subpopulation of GABAergic 

nonpyramidal neurons participate in amygdalohippocampal 

interconnections

It is well established that the interconnections of the hippocampal and parahippocampal 

regions involved in the medial temporal lobe memory system, including the trisynaptic 

circuit, are mediated primarily by glutamatergic projection neurons (Johnson and Amaral, 

2004; Amaral and Witter, 1995). Neuroanatomical and electrophysiological studies have 

also shown that glutamatergic pyramidal neurons are the main neuronal type associated with 

projections from the hippocampal/parahippocampal region to the amygdala (Brothers and 

Finch, 1985; Mello et al., 1992; Maren and Fanselow, 1995; Lang and Paré, 1998; 

McDonald and Zaric, 2015b) as well as projections from the cortical and basolateral 

amygdalar nuclei back to the hippocampal/parahippocampal region (Finch et al., 1986; 

Colino and Fernandez de Molina, 1986; Paré et al., 1995; Sparta et al., 2014; McDonald and 

Zaric, 2015a).
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However, as early as the 1980s evidence began to accumulate that amygdalohippocampal 

interconnections also involve long-range nonpyramidal projection neurons (LRNP neurons), 

which are known to be inhibitory GABAergic neurons. Köhler and coworkers (1986) found 

that a small number of nonpyramidal NPY+ neurons in the lateral amygdalar nucleus of the 

rat were retrogradely-labeled by injections of Fast Blue into the entorhinal cortex. These 

investigators mainly focused their attention on interconnections of the parahippocampal 

region in horizontal sections that did not include most portions of the amygdala, and they did 

not report on projections from amygdalar regions ventral to the lateral nucleus. NPY+ 

neurons in the basolateral amygdala are now known to present a subpopulation of SOM+ 

nonpyramidal neurons in both rat and monkey (McDonald 1989; McDonald et al., 1995). In 

the other direction, Ino and coworkers (1990) found that large injections of horseradish 

peroxidase into the cat basolateral amygdala resulted in the retrograde labeling of 

nonpyramidal neurons in Ammons horn and the entorhinal cortex, and Müller and coworkers 

(2011) reported that large injections of Fluorogold (FG) into the mouse amygdala resulted in 

retrograde labeling of nonpyramidal GABAergic neurons in the stratum oriens and 

pyramidal layer of the VSub and VCA1.

Recent studies in our laboratory combining FG retrograde tract tracing with markers for 

distinct subpopulations of amygdalar and hippocampal/parahippocampal nonpyramidal 

neurons have provided a more comprehensive, quantitative analysis of these inhibitory 

amygdalohippocampal interconnections in the rat (McDonald and Zaric, 2015a, b). 

Injections of FG into the BLC produced widespread retrograde labeling in the cerebral 

hemispheres and diencephalon (McDonald and Zaric, 2015b). Triple-labeling for FG, 

somatostatin (SOM), and neuropeptide Y (NPY) revealed a small number of nonpyramidal 

FG+ neurons that were SOM+/NPY+ or SOM+/NPY− in the LERC, perirhinal cortex, 

APIR, and piriform cortex, but not in the subiculum, cornu ammonis, prefrontal cortex, or 

diencephalon (Fig. 8). In most cases these LRNP neurons were interspersed with SOM

−/NPY− pyramidal cells in layers 5 and 6. In the LERC these LRNP neurons constituted 

only 2% of the total population of FG+ projection neurons; the remaining FG+ projection 

neurons all appeared to be pyramidal neurons. Half of the SOM+ neurons in the LERC 

labeled by FG expressed GABA immunoreactivity (Fig. 9A), and these GABAergic 

projection neurons constituted 2% of the total population of GABAergic neurons (McDonald 

and Zaric 2015b). No neurons expressing parvalbumin (PV) or vasoactive intestinal peptide 

(VIP) (i.e., two other important nonpyramidal neuronal subpopulations) were observed in 

the parahippocampal region, or in any other cortical area.

Although the great majority of nonpyramidal neurons in cortical areas are known to be 

GABAergic, only about half of the LRNP neurons in the entorhinal cortex projecting to the 

basolateral amygdala were GABA+ (McDonald and Zaric 2015b). However, GABAergic 

neurons with long projections typically have low levels of somatic GABA and glutamic acid 

decarboxylase (GAD, the synthetic enzyme for GABA), since GABA and GAD are rapidly 

transported from the soma to the distant axon terminals of these neurons (Onteniente et al., 

1986; Tóth and Freund, 1992). Thus, the GABA-negative SOM+ nonpyramidal projection 

neurons in the entorhinal cortex seen in our study may be GABAergic but have levels of 

somatic GABA that are below the threshold for immunohistochemical detection using 

immunofluorescence. This interpretation is consistent with previous studies performed in 
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GAD67-GFP transgenic mice which have shown that all SOM+ neurons in both neocortical 

and paleocortical areas are GABAergic (Tamamaki et al., 2003; Suzuki and Bekkers, 2010).

In a second recent study performed in our laboratory injections of FG were made into 

different areas of the rat LERC to determine the extent to which amygdalar LRNP neurons 

might contribute to the amygalohippocampal network (McDonald and Zaric, 2015a). 

Neurons retrogradely labeled with FG were mainly located in the cortical nuclei and BLC. 

Although most of the FG+ neurons in the cortical nuclei and BLC labeled by entorhinal 

injections were putative pyramidal cells, about 2%-6% were nonpyramidal neurons that 

expressed SOM, or both SOM and NPY (Fig. 10). These LRNP neurons were interspersed 

among SOM−/NPY− pyramidal cells in these nuclei. No FG+ neurons in the amygdala 

expressed PV or VIP. Cell counts revealed that LRNP neurons labeled by injections into the 

LERC constituted about 10%-20% of the total SOM+ population, and 20%-40% of the total 

NPY population in the lateral amygdalar nucleus. Approximately half of the SOM+ neurons 

in the LERC labeled by FG expressed GAD (Fig. 9B), but it is most likely that all are 

GABAergic (see above; McDonald and Zaric 2015a). It is of interest that while injections of 

FG into the prefrontal cortex resulted in many FG+ neurons in the amygdala, none were 

SOM+, NPY+, or GAD+.

Thus, several studies in a variety of species indicate that interconnections between the 

amygdala and hippocampal region are mediated in part by inhibitory GABAergic LRNP 

neurons. It is also of interest that all major portions of the medial temporal lobe memory 

system are interconnected by various populations of LRNP neurons, including many that are 

SOM+ (see Jinno, 2009 for a review). Thus, LRNP neurons have been shown to contribute 

to the following projections: (1) neocortex to perirhinal cortex (Pinto et al., 2006); (2) 

perirhinal cortex to entorhinal cortex (Pinto et al., 2006; Apergis-Shoute et al., 2007); (3) 

entorhinal cortex to hippocampus (Germroth et al., 1989; Melzer et al., 2012); (4) 

hippocampus to subicular and retrosplenial regions (Jinno et al., 2007; Miyashita and 

Rockland, 2007); and (5) subicular region to entorhinal cortex (Van Haeften et al., 1997). 

These interconnections have been termed the temporal lobe GABAergic “supernetwork” 

(Buzsaki and Chrobak, 1995). The finding of reciprocal interconnections between the 

amygdala and hippocampal region involving GABAergic LRNP neurons indicates that this 

temporal lobe GABAergic supernetwork includes the basolateral amygdala (Fig. 11). In 

addition, for both the hippocampus and amygdala, interconnections of these regions with the 

basal forebrain also involve GABAergic neurons, thus extending the supernetwork (Fig. 11).

Only a small number of LRNPs are involved in most of the interconnections of the temporal 

lobe GABAergic supernetwork. For example, in our study of LERC-amygdalar projections 

we found that only 2% of LERC projection neurons projecting to the BLC were LRNP 

neurons, and they constituted only 2% of the total GABAergic population. These 

percentages are very similar to those exhibited by the perirhinal to LERC projection where 

3% of perirhinal projection neurons were LRNP neurons, and they constituted 2% of the 

total GABAergic population (Apergis-Shoute et al., 2007). However, electron microscopic 

studies found that 12% of the axons involved in the latter projection formed symmetrical 

synapses typical of inhibitory inputs, which suggests that these perirhinal LRNP neurons 

have axons that branch extensively (Pinto et al., 2006). It will be of interest to perform 
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similar quantitative ultrastructural analyses of the interconnections between the amygdala 

and hippocampal/parahippocampal region, as well as electrophysiological studies of these 

projections. However, previous limited ultrastructural analyses suggest that such extensive 

branching may not occur in amygalohippocampal interconnections involving GABAergic 

projection neurons (Pitkänen et al., 2002; Müller et al., 2011). It will also be important to 

determine the neuronal targets of these inhibitory projections in the amygdalar complex and 

hippocampal/parahippocampal region. Either pyramidal neurons (Pinto et al., 2006; Jinno et 

al., 2007) or nonpyramidal neurons (Van Haeften et al., 1997; Melzer et al., 2012) have been 

identified as targets of LRNP neurons in different hippocampal-parahippocampal 

interconnections.

Amygdalohippocampal interconnections are important for memory and 

learning

It is well established that the basolateral amygdala, especially the anterior portion of the 

basolateral nucleus (BLa), modulates the consolidation of memories of emotionally arousing 

experiences through its projections to other brain regions, including the hippocampal region 

(Packard et al., 1994; McGaugh, 2004). Studies in rats suggest that the modulatory effects 

on hippocampal-dependent memories depend on direct or indirect pathways connecting the 

BLa with the hippocampus (Packard et al., 1994) and entorhinal cortex (Roesler et al., 

2002). Likewise, studies in humans indicate that amygdalohippocampal interactions are 

critical for the enhancement of declarative (explicit) memory of emotionally arousing events 

(Cahill and McGaugh, 1998; Phelps, 2004). Functional imaging studies in humans have 

shown that the formation of memories of emotional stimuli involves interactions of the 

basolateral amygdala with the entorhinal cortex and anterior portions of the hippocampus 

(Dolcos et al., 2004), and that these areas are also activated by retrieval of emotional 

memories (Dolcos et al., 2005).

Studies of synaptic plasticity in the rat have shed light on possible anatomical pathways 

mediating BLa modulation of memory consolidation. Long-term potentiation (LTP) is a 

candidate mechanism for memory formation, and there is compelling evidence for the 

involvement of amygdalohippocampal projections in the modulation of hippocampal LTP in 

the rat (Abe, 2001). Lesions or inactivation of the BLa or the basomedial nucleus (BM), but 

not the central nucleus, attenuated LTP in the dorsal (septal) part of dentate gyrus (dDG) 

induced by high-frequency stimulation of the medial perforant pathway (MPP; Ikegaya et 

al., 1994, 1995a, 1996a). Electrical stimulation of the BLa evoked synaptic potentials in the 

dDG of anesthetized rats (Ikegaya et al., 1996b), and high-frequency stimulation of the BLa 

or BM, but not the lateral nucleus, facilitated dDG LTP induced by MPP stimulation 

(Ikegaya et al., 1996b, 1995b; Akirav and Richter-Levin, 1999, Li and Richter-Levin, 2013). 

There is evidence that the modulatory effects of BLa and BM are via separate pathways, and 

that both involve increases in the excitability of dDG neurons (Ikegaya et al., 1996b; Abe, 

2001).

Because there are no direct projections of BLa and BM to the dDG, these modulatory 

pathways must be polysynaptic. The inputs to the DG are limited and arise from the 
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entorhinal cortex, supramammillary hypothalamic nucleus, medial septum, and brainstem 

monoaminergic nuclei (Johnston and Amaral, 2004). The BLC activates brainstem 

monoaminergic systems indirectly via the central nucleus; because lesions of the latter do 

not attenuate MPP-dDG LTP (see above) this would seem to rule out modulation by 

monoaminergic systems. Since the BLC has little or no projection to the supramammillary 

nucleus or medial septum, the entorhinal cortex is the most likely intermediary in the BLC to 

dDG pathway. Because the BLC to dDG pathway does not appear to involve the MPP from 

the MERC (Ikegaya et al., 1996b), the most likely origin is from layer 2 of the LERC via the 

lateral perforant pathway (LPP). Indeed, stimulation of the LPP, like BLa stimulation, 

enhances MPP-dDG LTP (Nakao et al., 2004). Moreover, electrophysiological studies by 

Finch and co-workers (1986) demonstrated that simulation in and near the BLC activated 

layer 2 neurons of the lateral part of the LERC that could be antidromically activated from 

the dDG. In addition, when these layer 2 LERC neurons were filled with HRP their axons 

could be traced to the DG (Finch et al, 1986). Anatomical investigations also support this 

interpretation. Studies of the topographical organization of the perforant pathways indicate 

that only layer 2 of the far lateral part of the LERC projects to the dDG (Dolorfo and 

Amaral, 1998). It is of interest that both the BLa and BM have dense projections to the 

lateral LERC. Although these projections target the deeper layers of the LERC, there are 

cells in these deeper layers that have axonal collaterals that arborize in layer 2 (Amaral and 

Witter, 1995). Another possible pathway to layer 2 of the LERC is through the 

parasubiculum. The parasubiculum is targeted by several nuclei of the BLC (Pikkarainen et 

al., 1999) and has a dense projection to layer 2 of both the LERC and MERC (Van Groen 

and Wyss, 1990). A third possible pathway from the BL to layer 2 of the LERC is via APIR 

(termed the postpiriform transition area, TR, by Petrovich et al., 2001), which has dense 

projections to layer 2 of the LERC (Fig. 6; Petrovich et al., 2001). Anterograde and 

retrograde tracing studies have shown that the rostral part of the BLp, which appears to be in 

range of the BL stimulation sites used by Ikegaya and coworkers, has strong projections to 

APIR (Petrovich et al., 2001; Santiago and Shammah-Lagnado, 2005). Thus, there are 

several possible amygdalar pathways to the dDG that may play a role in modulating MPP-

dDG LTP. Given the especially robust direct projections of the amygdala to the VSub/

VCA1, entorhinal cortex, and perirhinal cortex, it seems likely that LTP, and mnemonic 

functions, would be modulated by glutamatergic projections of the BLC to these areas as 

well.

Amygdalohippocampal interconnections are also critical for fear conditioning and 

extinction. Thus, studies using c-fos as a marker for neuronal activation demonstrated 

increased activation of lateral nucleus neurons projecting to the LERC during acquisition of 

cued fear conditioning (Majak and Pitkänen, 2003b), whereas optogenetic inhibition of 

glutamatergic projections from the BLa to the LERC disrupted the acquisition of contextual 

fear conditioning (Sparta et al., 2014). However, most studies have investigated the role of 

hippocampal projections to the amygdala in fear conditioning. Dorsal hippocampal lesions 

block fear conditioning to contextual conditioned stimuli, but not to simple conditioned 

stimuli like tones (Phillips and LeDoux, 1992; Maren and Fanselow. 1997; Maren et al., 

1997). In contrast, lesions of the amygdala which involve the BLC block fear conditioning to 

both types of stimuli (Phillips and LeDoux, 1992; Maren and Fanselow, 1995). These data, 
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as well as the results of more recent studies (e.g., Trifilieff et al., 2007; Ramirez et al., 2013; 

de Oliviera Coelho et al., 2013), suggest that the dorsal hippocampus transmits contextual 

information to the BLC needed for contextual fear conditioning. These findings have been 

confirmed and extended using optogenetic techniques. Thus, optogenetic inhibition of dorsal 

CA1 pyramidal neurons blocks acquisition of contextual fear conditioning, but not auditory 

tone-cued fear conditioning, and can reversibly block retrieval of contextual fear 

conditioning (Goshen et al., 2011). Consistent with previous lesion studies, optogenetic 

inhibition of BLa pyramidal neurons blocks acquisition of both contextual and cued fear 

conditioning (Goshen et al., 2011).

The output portions of the dorsal hippocampus (dorsal subiculum/CA1) have no direct 

projections to the BLC, but could activate the BLC via a relay in the LERC or perirhinal 

cortex (Room and Groenewegen, 1986; Van Groen et al., 1986; Witter et al., 1989), which 

have robust projections to the BLC (Figs. 4, 5). This proposed pathway is consistent with 

studies which have shown that large lesions of the entorhinal cortex, which also involved the 

ventral hippocampus, block contextual fear conditioning (Maren and Fanselow, 1995; Maren 

and Fanselow, 1997). Electrophysiological studies have shown that stimulation of the 

entorhinal cortex and VSub activate the BLp via glutamatergic projections, and that high 

frequency stimulation of the entorhinal cortex and VSub induces NMDA receptor-dependent 

LTP in the BLp (Maren and Fanselow, 1995). These data suggest that plasticity at these 

hippocampal-BLp synapses may be critical for contextual fear conditioning.

Fear extinction occurs when fear conditioned animals are exposed to a conditioned stimulus 

(e.g., tone) that is no longer paired with the associated unconditioned stimulus (e.g., foot 

shock). Fear extinction has been shown to be context-dependent such that animals subjected 

to extinction training in one context will still exhibit fear when presented with the 

conditioned stimulus in a different context. This is termed fear “renewal”. Given the 

importance of hippocampal inputs to the amygdala for contextual fear conditioning, it is not 

surprising that these inputs also play a critical role in fear extinction and renewal. Thus, 

inactivation of the dorsal hippocampus with muscimol impairs fear renewal when extinction 

is tested in a novel context (Corcoran and Maren, 2001). This impairment of fear renewal is 

associated with a decrease in the tone-evoked firing of individual neurons in the lateral 

nucleus that are associated with fear behavior (Hobin et al., 2003; Maren and Hobin, 2007). 

These data suggest that context-related suppression of fear behavior after extinction is 

mediated, in part, by inhibitory mechanisms in the lateral nucleus activated by the dorsal 

hippocampus. The anatomical pathway from the dorsal hippocampus to the lateral nucleus 

most likely involves a projection of the dorsal subiculum/CA1 to the perirhinal cortex or 

LERC (Room and Groenewegen, 1986; Van Groen et al., 1986; Witter et al., 1989), which in 

turn project to the lateral nucleus. Another possible route is through the medial prefrontal 

cortex (mPFC); the dorsal CA1 projects to the infralimbic cortex of the mPFC (Hoover and 

Vertes, 2007), which in turn has a strong projection to the lateral nucleus (McDonald et al., 

1996).

It is also known that ventral hippocampal inactivation with muscimol can disrupt context-

specific fear memory retrieval, which presumably depends on direct VSub/VCA1 

projections to the BLC (Hobin and Maren, 2006). Moreover, fear renewal with conditioned 
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stimulus presentation outside of the extinction context was associated with the activation of 

neurons in the VSub/VCA1 region and the mPFC, and lesions of either of these regions 

eliminated fear renewal (Orsini et al., 2011). These findings suggest that convergent input 

from the ventral hippocampus and mPFC to the amygdala are critical for contextual 

regulation of fear after extinction. The context-dependency of fear and extinction may 

involve the differential activation of “fear neurons” and “extinction neurons” in the 

basolateral nucleus, both of which are pyramidal cells (Herry et al., 2008). Fear neurons 

exhibit conditioned stimulus-evoked firing during and after fear conditioning, whereas 

extinction neurons exhibit increases in firing only after extinction training. 

Electrophysiological studies demonstrated that fear neurons, but not extinction neurons, in 

the basolateral nucleus receive input from the ventral hippocampus (Herry et al., 2008). 

Likewise, neurons in the lateral nucleus that are active during fear renewal (following 

extinction training in a novel context) receive much greater input from the ventral 

hippocampus than neurons active during retrieval of extinction memories in the extinction 

training context (Knapska et al., 2012).

Amygdalohippocampal synchronous oscillations and their role in memory 

and learning

Both the amygdala and hippocampus exhibit epochs of rhythmic, synchronized firing of 

large populations of neurons which create currents that constitute the electroencephalogram. 

These rhythmic oscillations, which emerge from the intrinsic properties of constituent 

neurons as well as network properties, are often synchronized in the basolateral amygdala 

and hippocampal/parahippocampal region because of amygdalohippocampal 

interconnections (Pape and Paré, 2010). Synchronous oscillations in the 

amygdalohippocampal network create recurring “time windows” in which synaptic 

interactions between these structures, including synaptic plasticity, is facilitated (Paré et al., 

2002). Thus, as discussed below, it is not surprising that synchronous rhythmic 

amygdalohippocampal oscillations have been shown to be critical for consolidation of 

memories of emotional events, as well as fear conditioning and extinction.

Amygdalohippocampal oscillations occur at several different frequencies. The lateral 

nucleus and perirhinal cortex (PRC) exhibit highly synchronized slow oscillations (1 Hz) 

during slow wave sleep (SWS) and in anesthetized animals (Collins et al., 2001). The 

synchronization of activity in these areas is thought to involve the extensive reciprocal 

interconnections between the lateral nucleus and the perirhinal cortex (Figs. 2, 5, 6). 

Interestingly, the conduction velocities of axons interconnecting the lateral nucleus with 

more distant caudal levels of the PRC is greater than that of axons with shorter connections 

with more rostral levels of the PRC, thus providing synchronous activation of the entire PRC 

(Pelletier and Paré, 2002). This presumably facilitates processing of emotionally-salient 

sensory inputs by the lateral nucleus/PRC network. It has been suggested that rhythmic 

oscillations of the amygdalohippocampal network during sleep may be critical for emotional 

memory consolidation (Paré et al., 2002).
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Theta rhythms (4-8 Hz) are also synchronized in the BLC and hippocampal region. In the 

basolateral nucleus pyramidal neurons and interneurons fire at opposite phases of entorhinal 

theta (Paré and Gaudreau, 1996). Neurons in the lateral nucleus of fear conditioned cats 

become synchronized in the theta band by tones that predict footshock (Paré and Collins, 

2000). The lateral nucleus also exhibits theta activity in fear conditioned mice when they are 

subsequently exposed to the conditioned fear stimulus (Narayanan et al., 2007). Moreover, 

there is increased theta synchronization in the lateral nucleus and dorsal CA1 with retrieval 

of fear conditioning memories (Seidenbecher et al., 2003; Pape et al., 2005; Narayanan et 

al., 2007), but a decrease during fear extinction which remains low during extinction recall 

(Lesting et al., 2011). This synchronization of theta activity in the lateral nucleus and dorsal 

CA1 presumably requires indirect interconnections between these two structures. Since theta 

activity in the entorhinal cortex is typically synchronous with that in the hippocampus, the 

pathways interconnecting the lateral nucleus with the dorsal CA1 most likely involve an 

intermediate connection in the lateral part of the LERC (see above).

There is also evidence for a similar coupling of fast gamma oscillations (40-100 Hz) in the 

BLC, PRC, and LERC during appetitive learning. In a task in which a visual conditioned 

stimulus predicted a food reward it was found that learning of the association between the 

conditioned stimulus and the reward was associated with an increase in synchronization of 

35-45 Hz activity in the BLC and parahippocampal cortices (Bauer et al., 2007). Moreover, 

this BLC-dependent synchronization has been shown to facilitate the transmission of 

sensory information from the neocortex to the hippocampus by increasing effective 

communication between the intervening perirhinal and entorhinal cortices (Paz et al., 2006).

Both anatomical and electrophysiological studies suggest that glutamatergic pyramidal 

neurons are the main cell type mediating amygdalohippocampal interconnections critical for 

synchronous oscillatory activity among these structures. However, it is possible that 

GABAergic long-range nonpyramidal neurons (LRNP neurons) may also play a role in 

coupling synchronized oscillations even though the overall percentage of these neurons 

involved in these interconnections is low. There is certainly compelling evidence that this is 

the case for GABAergic LRNP neurons interconnecting different hippocampal/

parahippocampal regions, which are also found in low numbers (Buzsaki and Chrobak, 

1995; Jinno, 2009; Caputi et al., 2013). It is of interest in this regard that the axons of 

hippocampal GABAergic LRNP neurons have a larger diameter and thicker myelin sheath 

than pyramidal cell axons, which suggests that rhythmic inhibitory inputs provided by these 

LRNP neurons are likely to precede the arrival of excitatory inputs to their targets, and 

thereby reset the excitability and oscillatory phase of their targets just before the slower 

rhythmic excitatory pyramidal cell inputs arrive (Jinno et al., 2007). Thus it is possible that 

GABAergic LRNP neurons interconnecting the BLC and hippocampal region are involved 

in the synchronization of a variety of oscillations, including theta, gamma, and slow 

oscillations, in these regions (Paré and Gaudreau, 1996; Paré et al., 2002; Bauer et al., 2007). 

These oscillations could entrain synchronous firing of amygdalar and hippocampal/

parahippocampal pyramidal neurons, thus facilitating functional interactions between them 

including synaptic plasticity involved in mnemonic function.
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Neuropsychiatric and neurological diseases affecting 

amygdalohippocampal regions/interconnections produce memory 

impairments

Alzheimer's disease

Alzheimer's disease (AD) is the most common memory disorder, affecting 11% of people 

older than 65, and 32% of people older than 85. Although there are neuropathological 

changes (neurofibrillary tangles and amyloid plaques) in all cortical areas, the density of 

atrophic neurons exhibiting neurofibrillary tangles is far greater in the medial temporal lobe, 

including the amygdala, hippocampus, and parahippocampal cortices (Van Hoesen et al., 

1986; Arnold et al., 1991; Poulin and Zakzanis, 2002). The entorhinal cortex is generally the 

first medial temporal lobe area to undergo neuropathology, followed by the hippocampus, 

and then the amygdala (Braak et al., 1996). The amygdala in AD exhibits marked atrophy, 

and all amygdalar nuclei show plaques and tangles (Herzog and Kemper, 1980; Van Hoesen 

et al., 1986, Kromer Vogt et al., 1990; Cuénod et al., 1993; Poulin et al., 2011). There are 

discrepancies in different reports as to which amygdalar nuclei are most affected, which may 

be related to individual variability and/or stages of the disease. However, the general 

consensus is that the nuclei in the medial and ventral portions of the amygdala are most 

affected (i.e., nuclei in the human amygdala that correspond to the BLp, BM, and cortical 

nuclei of the rat) (Braak et al., 1996; Wright, 2009). As in the rat, these nuclei have dense 

interconnections with the hippocampal/parahippocampal region in primates (Amaral and 

Cowan, 1980; Aggleton, 1986; Amaral et al., 1992; Pitkänen et al., 2002).

Of considerable interest from the standpoint of amygdalohippocampal interconnections is 

that the areas of the hippocampal region that have the most direct interconnections with the 

amygdala are most affected in AD. Thus, the perirhinal cortex, entorhinal cortex, 

parasubiculum, subiculum, and CA1 have a much greater degree of neuropathology than 

CA3 and the dentate gyrus (Van Hoesen et al., 1986). These findings would predict that 

there would be impairment in the formation of memories of emotional events in AD. In an 

MRI study in patients with AD it was found that impairment of emotional event memory 

was proportional to the degree of amygdalar damage, but less so in relation to hippocampal 

damage (Mori et al., 1999). Likewise, in patients with Urbach-Wiethe disease, in which 

there is selective bilateral calcification of the amygdala, there are impairments in long-term 

declarative memory of emotional material, but no impairments in remembering neutral 

material (Markowitsch et al., 1994; Cahill et al., 1995; Adolphs et al., 1997). In addition to 

impairments in declarative emotional memory, there are also severe impairments in fear 

conditioning (nondeclarative emotional memory) in AD, presumably due to the amygdalar 

atrophy and neuropathology in this disease (Hamann et al., 2002).

Posttraumatic stress disorder (PTSD)

PTSD is thought to result from impairments in fear extinction and/or over-consolidation of 

fear memories due to dysfunction of amygdalar interactions with the hippocampus and 

mPFC (Rauch et al., 2003; Shin and Liberzon, 2010). It is characterized by several 

symptoms including intrusive re-experiencing of the traumatic event, avoidance of reminders 
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of the event, and hyperarousal. PTSD effects approximately 10% of individuals exposed to 

traumatic events that involve death, or threat of death or serious injury. The pathogenesis of 

PTSD is thought to be a fear conditioning process marked by amygdalar hyperarousal 

(Rauch et al., 2003). It is usually also associated with decreased activity of the mPFC, 

resulting in diminished extinction, and decreased hippocampal/parahippocampal activity, 

resulting in over-generalization of fear to non-threatening stimuli and the inability to 

distinguish safe and threatening contexts (Lanius et al., 2002, 2003; Rauch et al., 2003).

The deficits seen with decreased hippocampal/parahippocampal activity, and often decreased 

hippocampal volumes (Rauch et al., 2003; Shin and Liberzon, 2010), in PTSD are consistent 

with functional imaging studies which have demonstrated that fear conditioning and 

extinction in humans is associated with activation of both the amygdala and the 

hippocampal/parahippocampal cortices (Milad et al., 2007; Alvarez et al., 2008; Lang et al., 

2009; Lonsdorf et al., 2014). Moreover, correlated hippocampal/amygdalar activity was seen 

with extinction of contextual fear conditioning, suggesting that amygdalohippocampal 

interconnections were involved (Lang et al., 2009). Not surprisingly, therefore, patients with 

PTSD exhibit impaired contextual processing during fear extinction (Rougemont-Bücking et 

al., 2011) and impaired fear renewal when tested for extinction in a different context from 

the extinction context (Garfinkel et al., 2014). The findings of these investigations in humans 

are in agreement with studies in rodents indicating that the hippocampal/parahippocampal 

region is important for distinguishing safe versus threatening contexts and can regulate the 

activity of “fear neurons” in the amygdala. Since context-dependent relapse of extinguished 

fear in PTSD patients is common with exposure therapies (Bouton, 2002), blocking fear 

renewal via modulation of amygdalohippocampal interconnections may be a useful 

therapeutic intervention in this condition.

Temporal Lobe Epilepsy (TLE)

Partial onset epilepsies are the most common form of seizures in adults and TLE is the most 

common form of partial epilepsy (Tellez-Zenteno and Hernandez-Ronquillo, 2012). Most 

cases of TLE appear to involve dysregulation of amygdalo-hippocampal function, since 

partial resection of the temporal lobe, including hippocampus and amygdala virtually 

eliminates seizures in more than 80% of patients (Dodrill et al., 1986; Walczak et al., 1990). 

The central role of amygdala and hippocampus in TLE is also evident in depth electrode 

recordings which show participation of these brain regions in 70-80% of seizures (Quesney, 

1986; So et al., 1989). The integrity of hippocampus and amygdala is critical for proper 

memory function and so it has been proposed that in addition to contributing to seizures, 

dysfunction of these structures in TLE is responsible for cognitive deficits in TLE patients 

(Abrahams et al., 1999; Ploner et al., 2000; Guerreiro et al., 2001). Indeed, TLE is 

commonly associated with cognitive impairment, most frequently deficits in declarative and 

spatial memory (Hermann et al., 2006; 2007; Baxendale et al., 2010). In addition, deficits in 

emotional enhancement of declarative memory are seen in TLE patients, presumably due to 

“a specific deficit in the emotion-driven encoding enhancement mediated by the amygdala-

hippocampus loop” (Müller et al., 2009). Moreover, deficits in emotional enhancement of 

declarative memory (Ahs et al., 2010) and fear conditioning (LaBar et al., 1995) are seen in 
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TLE patients after unilateral anterior temporal lobectomy that involves the amygdala and 

hippocampal region.

The central role for both the amygdala and hippocampal formation in TLE is based on the 

heavy interconnections within and between these regions. Seizure activity in one region 

rapidly recruits the other to participate in the seizure. This pathological neuronal activity is 

associated with neuronal loss in both hippocampus and amygdala. Accordingly, 

histopathological and imaging studies have shown amygdalar damage (Margerison and 

Corsellis, 1966; Van Paesshen et al., 1996) that often appears in combination with 

hippocampal damage in TLE (Cendes et al., 1993; Bronen et al., 1995; Bernasconi et al., 

2003; Goldberg et al., 2014). While hippocampal atrophy in patients with TLE has been well 

described (for review see Lado et al., 2002), the distribution of damage in different nuclei of 

human amygdala is less well understood. However, studies in rat seizure models have 

provided more detailed insight. In post-status epilepticus TLE models the amygdalar nuclei 

showing the greatest damage are the deep layers of the anterior cortical and medial nuclei, 

the ventromedial lateral nucleus, the posterior basolateral nucleus, the ventral basolateral 

nucleus, the posterior basomedial nucleus, and the posterolateral cortical nucleus (Tuunanen 

et al., 1996). These findings suggest that amygdalohippocampal interconnections involving 

these nuclei would be most affected in TLE.

Only one study to date has investigated pathway specific damage in amygdalohippocampal 

projections during TLE (Kemppainen and Pitkanen, 2004). This study used FG to examine 

monosynaptic amygdalar projections to the VSub/VCA1 in rats made epileptic using kainic 

acid. The study reported that a large projection originating in the lateral division of the 

amygdalohippocampal area and the posteromedial and posterolateral cortical nuclei had 

disappeared in TLE in parallel with severe neuronal loss in these nuclei (Kemppainen and 

Pitkanen, 2004). This projection provides a pathway by which emotionally tagged sensory 

input can modulate hippocampal processing. Loss of this pathway in TLE might lead to 

deficits in processing the emotional significance of hippocampal-dependent memories.

The ventromedial lateral nucleus is also severely damaged in TLE and projections from this 

region to the VSub/VCA1 were correspondingly reduced (Kemppainen and Pitkanen, 2004). 

The lateral nucleus is critical for auditory and contextual fear conditioning (LeDoux, 1995). 

Destruction of the amygdalo-hippocampal pathway originating from this nucleus may 

contribute to TLE-associated behavioral impairments in fear conditioning in animal studies 

(Botterill et al., 2014).

Another prominent projection from the amygdala to the VSub/VCA1 originates in the 

posterior basolateral nucleus (Pikkarainen et al., 1999; Petrovich et al., 2001; Kemppainen 

and Pitkanen, 2004). While the lateral portion of this nucleus is damaged in TLE, the medial 

portion is well preserved (Kemppainen and Pitkanen, 2004). Thus, unlike other 

amygdalohippocampal pathways, the projection from this nucleus to hippocampus remains 

intact in epilepsy. The basolateral nucleus has been proposed to play a primary role in 

seizure initiation (White and Price, 1993). The preservation of the pathway from the 

basolateral nucleus to the hippocampus in TLE may therefore serve to facilitate seizure 

spread and interictal bursting. A role for this pathway in epilepsy gains support from reports 
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that the basolateral nucleus exhibits increased excitability, reduced inhibition, and a lowered 

seizure threshold in TLE (Niittykoski et al., 2004). The lowered seizure threshold in this 

region is, in part, caused by a severe loss of GABAergic nonpyramidal neurons (Tuunanen et 

al., 1996; Fritsch et al., 2009). As has been described in the hippocampal formation 

(Sloviter, 1987; Sperk et al., 1992), GABAergic somatostatin-containing (SOM+) 

nonpyramidal neurons in the BLC are more sensitive than other GABAergic nonpyramidal 

subgroups to seizure-induced damage (Tuunanen et al., 1997). Loss of GABA+/SOM+ 

neurons occurs in the medial part of the basolateral nucleus, despite the preservation of 

pyramidal projection neurons in this area (Tuunanen et al., 1997; Aroniadou-Anderjaska et 

al., 2008). The resulting loss of inhibition leads to enhanced excitability and responsiveness 

of BLC pyramidal projection neurons (Smith and Dudek, 1997). These observations suggest 

that even a few seizures originating in the amygdala could cause the loss of GABA+/SOM+ 

neurons in the basolateral nucleus which could then increase excitability in this important 

amygdalar projection nucleus and facilitate the spread of seizures from the damaged, 

epileptic amygdala to other brain regions. In addition, since some of the GABA+/SOM+ 

neurons in both the BLC and hippocampal/parahippocampal region are projection neurons 

involved in amygdalohippocampal interconnections, it seems likely that these neurons are 

also lost in TLE. The loss of these inhibitory projection neurons would be expected to 

facilitate the spread of seizures and alter synchronized oscillatory activity in 

amygdalohippocampal circuits critical for fear conditioning and emotional enhancement of 

declarative memory.

Conclusions

Neuroanatomical tract tracing studies have provided detailed descriptions of the 

interconnections, both direct and indirect, between distinct amygdalar nuclei and laminae in 

discrete areas of the hippocampal region. These interconnections are exceedingly complex 

and specific organizing principles are not yet apparent. Most of these interconnections 

involve projections of pyramidal neurons in one region to spines and distal dendrites of 

pyramidal neurons in the other region. However, a small number of GABAergic 

nonpyramidal neurons are also projection neurons. One important aspect of these 

interconnections which has not been thoroughly investigated is the extent to which specific 

interneuronal subpopulations are postsynaptic targets of the projections of both types of 

projection neurons. Because interneurons exhibit differential innervation of pyramidal 

neuronal compartments and other types of interneurons, knowledge of the subpopulations 

innervated should contribute to an understanding of information processing in the 

amygdalohippocampal network. In addition, since interneurons play an important role in the 

induction and maintenance of rhythmic oscillations critical for synaptic plasticity, 

knowledge of their connections within the amygdalohippocampal network is essential for 

understanding the generation of synchronous oscillations involved in emotional learning and 

memory.

Whereas some basic information is available regarding the role of distinct 

amygdalohippocampal interconnections in specific aspects of emotional learning and 

memory, much more needs to be learned about electrophysiological and behavioral aspects 

of these circuits before we can begin to understand their exact function. Knowledge of the 
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neuroanatomy and neurotransmitters used by these interconnections combined with the use 

of optogenetic techniques to selectively activate/inactivate distinct components of 

amygdalohippocampal circuits in brain slices and conscious behaving animals will 

undoubtedly greatly advance our understanding of their participation in mnemonic function/

dysfunction in health and disease.
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Significance Statement

This review discusses what is currently know about amygdalohippocampal 

interconnections, including their neuroanatomy and neurotransmitters, their functional 

role in learning and memory, and their involvement in mnemonic dysfunction in 

Alzheimer's disease, posttraumatic stress disorder (PTSD), and temporal lobe epilepsy. 

Knowledge of brain connections obtained from neuroanatomical studies has always 

guided subsequent electrophysiological and behavioral studies. The description of the 

functional neuroanatomy of amygdalohippocampal interconnections provided by this 

review should be useful for designing electrophysiological and behavioral investigations 

using recently developed optogenetic techniques to selectively activate/inactivate 

different components of amygdalohippocampal circuits in brain slices and conscious 

behaving animals.
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Fig. 1. 
(A) Photomicrograph of retrogradely-labeled neurons in the amygdala (black) at the bregma 

−3.1 level in a rat that received an injection of Fluorogold (FG) into the dorsolateral 

entorhinal area (DLEA) (immunoperoxidase technique with pink pyronin Y Nissl 

counterstain). The nomenclature used to denote the amygdalar nuclei is that used in the atlas 

by Paxinos and Watson (1997) (see Table 1). Abbreviations: BLa, anterior basolateral 

nucleus; BLp, posterior basolateral nucleus; BLv, ventral basolateral nucleus; BMp, 

posterior basomedial nucleus; CL, lateral central nucleus; Ld, dorsolateral lateral nucleus; 

Lv, ventromedial lateral nucleus; Mpd, posterodorsal medial nucleus; Mpv, posteroventral 

medial nucleus; PC, piriform cortex; PLCo, posterolateral cortical nucleus. (B) 
Photomicrograph showing the locations of FG+ retrogradely-labeled neurons (black) in the 

ventral hippocampus and parahippocampal area at the bregma −6.3 level in a rat that 
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received an injection of FG into the basolateral amygdalar complex (immunoperoxidase 

technique with pink pyronin Y Nissl counterstain). Note dense retrograde labeling in the 

perirhinal cortex (PRh; mainly layers II and VI), the deep layers (layers V and VI) of the 

dorsolateral and ventrolateral entorhinal cortex (DLEA and VLEA, respectively), and the 

ventral subiculum (VSub) and adjacent ventral part of CA1 (VCA1). Fewer FG+ neurons are 

seen in the ventromedial entorhinal cortex (VMEA) and layer III of the DLEA and PRh. 

Scale bars = 500 μm. Modified from McDonald and Zaric, 2015a, b.
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Fig. 2. 
Summary of inputs and outputs of the amygdala with the hippocampal region in the rat. The 

nomenclature used to denote the amygdalar nuclei is that used by Price and coworkers 

(1987) (see Table 1), and the nomenclature of entorhinal areas (AE, DLE, DIE, VIE, ME, 

and CE) is that used by Insausti and coworkers (1997) (see text). Only projections that are 

moderate to heavy in density are illustrated. Abbreviations (with nomenclature of Paxinos 

and Watson [1997] in parentheses): AB, accessory basal nucleus (posterior basomedial 

nucleus); AE, amygdalo-entorhinal transitional area (amygdalopiriform transition area); 

AHA, amygdalohippocampal area; Areas 36 and 35, dorsal and ventral perirhinal areas; B, 

basal nucleus (basolateral nucleus); CE entorhinal area, caudal entorhinal area; CE 

amygdalar nucleus, central amygdalar nucleus; COa, anterior cortical nucleus; Cop, 

posterior cortical nucleus (posteromedial cortical nucleus); DIE, dorsal intermediate 

entorhinal area (DLEA of Krettek and Price, 1977); DG, dentate gyrus; DLE, dorsal lateral 

entorhinal area; L, lateral nucleus; M, medial nucleus; ME, medial entorhinal area; NLOT, 

nucleus of the lateral olfactory tract; PAC, periamygdalar cortex (posterolateral cortical 
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nucleus); POR, postrhinal cortex; VIE, ventral intermediate entorhinal area (VLEA of 

Krettek and Price, 1977). Reproduced from Pitkänen et al. (2000) with permission.
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Fig. 3. 
Drawing of coronal sections arranged from rostral (A) to caudal (C) showing terminations of 

labeled axons in the rat amygdala seen with an injection of the anterograde tracer PHA-L 

(D) into the ventral subiculum in the rat. Section D was drawn at half the magnification of 

sections A-C. Bregma levels are indicated in upper right corner for each level. The 

nomenclature used to denote the amygdalar nuclei is mainly that used by Price and 

coworkers (1987) (see Table 1). Reproduced from McDonald (1998) with permission.
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Fig. 4. 
Drawing illustrating the terminations of labeled axons in the rat amgydala in cases with 

injections of the anterograde tracer PHA-L into the DLEA (A1-A3), VLEA (B1-B3), and 

VMEA (C1-C3). Bregma levels are indicated in upper right corner for each level. The 

nomenclature used to denote the amygdalar nuclei is mainly that used by Price and 

coworkers (1987) (see Table 1). Reproduced with modification from McDonald and 

Mascagni (1997) with permission.
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Fig. 5. 
Drawing of coronal sections arranged from rostral (A) to caudal (C) showing terminations of 

labeled axons in the rat amygdala seen with an injection of the anterograde tracer PHA-L 

(D) into the perirhinal cortex in the rat. In section D the fibers in the perirhinal cortex and 

dorsally adjacent neocortex were not drawn. Bregma levels are indicated in upper right 

corner for each level. The nomenclature used to denote the amygdalar nuclei is mainly that 

used by Price and coworkers (1987) (see Table 1). Reproduced from McDonald (1998) with 

permission.
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Fig. 6. 
Summary of the laminar distributions of amygdalar inputs (red) to the hippocampal region 

based on the results of PHA-L anterograde tracing studies. The findings are illustrated on an 

idealized section through an unfolded “flatmap” of the hippocampal region (see Petrovich et 

al., 2001, for details). The nomenclature used to denote the amygdalar nuclei is that used by 

Swanson (2004) (see Table 1). The postpiriform transition area, TR, corresponds to APIR of 

Paxinos and Watson (1997). Reproduced from Petrovich et al, 2001.
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Fig. 7. 
Plots of FG+ retrogradely-labeled neurons at three rostrocaudal levels (bregma −1.8, −2.8, 

and −3.8) after FG injections into the DLEA (top) or VLEA (bottom). Each section is 50μm 

thick; each dot represents one cell. The nomenclature used to denote the amygdalar nuclei is 

that used in the atlas by Paxinos and Watson (see Table 1). See Fig. 1A for most 

abbreviations. Additional abbreviations: ACo, anterior cortical nucleus; AHA, 

amygdalohippocampal area; BAOT, bed nucleus of the accessory olfactory tract; BMa, 

anterior basomedial nucleus; CLC, lateral capsular subdivision of the central nucleus; CM, 

medial central nucleus; ec, external capsule; IN, intercalated nucleus; L, lateral nucleus; 

Mad, anterodorsal medial nucleus; Mav, anteroventral medial nucleus; ot, optic tract; PMCo, 

posteromedial cortical nucleus; S, commissural portion of the stria terminalis. Modified 

from McDonald and Zaric, 2015a.
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Fig. 8. 
Sections arranged from rostral (upper left, Bregma −2.8 level) to caudal (lower right, 

Bregma −7.0 level) depicting the locations of retrogradely labeled FG+ neurons expressing 

both SOM and NPY (red dots) or just SOM (blue dots) in a rat that received an injection of 

FG into the BLC (green). Each dot represents one neuron. Neurons are plotted from two 

non-adjacent 50μm-thick sections at most levels; asterisks in the lower left corner of a pane 

indicate levels at which only one section was available for plotting. Templates are modified 

from the atlas by Paxinos and Watson (1997). The nomenclature used to denote the 

amygdalar nuclei is that used in the atlas by Paxinos and Watson (see Table 1). Modified 

from McDonald and Zaric, 2015b.
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Fig. 9. 
Confocal immunofluorescence photomicrographs of FG+ retrogradely-labeled neurons 

(green), SOM immunoreactive neurons (red), and GABA or GAD immunoreactive neurons 

(blue) in the DLEA (A) or lateral amygdalar nucleus (B) seen with injections of FG into the 

BLC or lateral entorhinal cortex, respectively. (A1) A single FG+/SOM+/GABA+ neuron 

(arrow) in the DLEA in a rat that received a FG injection into the BLC. (A2) The same field 

as A1, but only showing SOM+ structures. (A3) The same field as A1, but only showing 

GABA+ structures. B1) FG/SOM/GAD triple labeling in a case with a FG injection that 

involved VLEA and VMEA. Two FG+/SOM+/GAD+ triple-labeled neurons in the lateral 

nucleus (arrows) are white. This field also contains a GAD+ neuron with very low levels of 

FG (arrowhead). B2) The same field as B1 but only showing SOM+ structures. B3) The 

same field as B1 but only showing GAD+ structures. Scale bars = 20 μm for both A and B. 

Modified from McDonald and Zaric, 2015a, b.
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Fig. 10. 
Sections arranged from rostral (A) to caudal (F) depicting the locations of FG+ neurons in 

the amygdala co-expressing SOM and NPY (red dots), expressing SOM but not NPY (blue 

dots), or expressing NPY but not SOM (green dot) in with a FG injection into DLEA. Each 

bregma level shows the locations of neurons plotted from two non-adjacent 50 μm-thick 

sections at this level; each dot represents one neuron. Templates are modified from the atlas 

by Paxinos and Watson (1997). Modified from McDonald and Zaric, 2015a.
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Fig. 11. 
Schematic diagram illustrating interconnections between the amygdala, hippocampal/

parahippocampal areas, and basal forebrain that are mediated in part by GABAergic 

projection neurons, most of which also express SOM (shown in red). The series of 

glutamatergic projections starting at the entorhinal cortex and extending through the 

hippocampal formation, including the “trisynaptic circuit”, are indicated by black arrows (all 

other glutamatergic projections are not shown). GABAergic projections from the basal 

forebrain to the amygdala (from the substantia innominata and ventral pallidal regions; 

SI/VP) and hippocampus (from the medial septum) are shown in blue; these neurons also 

express PV. Numbers in the connections of the amygdala refer to the following studies: (1) 

McDonald and Zaric, 2015a; (2) McDonald et al., 2012; (3) Mascagni and McDonald, 2009 

and McDonald et al., 2011; (4) Müller et al., 2012; (5) McDonald and Zaric, 2015b. See 

reviews by Jinno (2009) and Caputi and coworkers (2013) for the studies demonstrating the 

connections that are not designated by numbers. Modified from McDonald and Zaric, 

2015b.
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Table 1

The main nuclei of the rat amygdala in the atlas by Paxinos and Watson (1997), and the alternative 

nomenclatures used by Price and co-workers (1987), and in the atlas by Swanson (2004).

Nuclei of Paxinos and Watson (1997) Nuclei of Price et al., 1987
1 Nuclei of Swanson (2004)

Amygdalohippocampal area (AHA) Amygdalohippocampal area (AHA) Posterior (PA)

Anterior amygdaloid area (AA) Anterior amygdaloid area (AAA) Anterior amygdaloid area (AAA)

Anterior basolateral (BLa) Basal magnocellular (Bmg) Anterior basolateral (BLAa)

Posterior basolateral (BLp) Basal parvicellular (Bpc) Posterior basolateral (BLAp)

Anterior basomedial (BMa) Anterior cortical (Coa; deep part) Anterior basomedial (BMAa)

Posterior basomedial (BMp) Accessory basal (AB) Posterior basomedial (BMAp)

Central (Ce) Central (Ce) Central (CEA)

Anterior cortical (ACo) Anterior cortical (Coa; superficial part) Anterior cortical (COAa)

Posterolateral cortical (PLCo) Periamygdaloid cortex (PAC) Posterolateral cortical (COApl)

Posteromedial cortical (PMCo) Posterior cortical (Cop) Posteromedial cortical (COApm)

Intercalated (IN) Intercalated (IN) Intercalated (IA)

Lateral (L) Lateral (L) Lateral (LA)

Nucleus of the lateral olfactory tract (LOT) Nucleus of the lateral olfactory tract (NLOT) Nucleus of the lateral olfactory tract (NLOT)

Anterodorsal medial (Mad) Dorsocentral medial (Mcd) Anterodorsal medial (MEAad)

Anteroventral medial (Mav) Rostral medial (Mr) Anteroventral medial (MEAav)

Posterodorsal medial (Mpd) Caudal medial (Mc) Posterodorsal medial (MEApd)

Posteroventral medial (Mpv) Caudoventral medial (Mcv) Posteroventral medial (MEApv)

1
Medial nuclei subdivided according to Pitkanen, 2000
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