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amygdala /əˈmɪɡdələ/ 
noun (plural, –lae) 

Etymology: 

Latin, from the Greek ἀμυγδάλη (amugdale) for 

almond. 

Anatomy: 

An almond-shaped mass of grey matter inside 

each cerebral hemisphere, involved with the 

experiencing of emotions. 
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GABAergic neurotransmission in the amygdala plays a crucial role in mediating 

emotional learning and memory. Alzheimer's disease (AD) is a neurodegenerative 

disease which leads to progressive loss of memory and psychiatric behavioural 

changes. The amygdala is one of the earliest structures to undergo atrophy in AD but 

the extent of GABAergic changes in the amygdala in AD are still unknown. This 

thesis set out to investigate the GABAA (γ-aminobutyric acid type A) receptor subunit 

organisation in the human amygdala and examine whether expression of subunits 

changes in the AD human amygdala. The detailed regional, cellular, and subcellular 

expression of GABAA receptor subunits α1, α2, α3, β2,3, and γ2 were characterised 

using single-, double-, and triple-immunohistochemical labelling within the post-

mortem normal human amygdala. The expression of GABAA receptor subunits in the 

post-mortem intermediate- and late-stage (Braak IV–VI) AD human amygdala (n = 7) 

was compared to age-matched controls (n = 6) using optical densitometry.  

In the neurologically normal amygdala, the predominant GABAA receptor subtypes 

expressed are α1β2,3γ2, α2α3β2,3γ2, and α3β2,3γ2. The α1, α2, and α3 subunits 

show compartmentalised expression on six distinct cell populations in the normal 

human amygdala: type 1 aspiny cells are found abundantly in the basolateral nuclear 

group (BLNG) and express α1β2,3γ2 and glutamic acid decarboxylase isoforms 65/67 

(GAD65/67); type 2 aspiny cells are found in the paralaminar nucleus (PL) and express 

α1β2,3γ2 and GAD65/67; type 3 aspiny cells are found sparsely in the BLNG and 

express α1β2,3γ2 and GAD65/67 was well as combination of calcium-binding proteins 

including parvalbumin (PV), calbindin (CB), and calretinin (CR); type 4 cells are 

spiny cells which express α2α3β2,3γ2 at high levels on proximal processes and do 

not express GAD65/67; type 5 cells are found in the central nucleus (CE) and express 
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α2α3β2,3; and type 6 cells are found closely packed in the intercalated cell masses 

(ICM) and express α3/β2,3.  

In Alzheimer’s disease, there is significant GABAA receptor subunit loss in all nuclei 

of the amygdala except for the basomedial nucleus (BM), medial subregion of PL 

(PLm), posterior cortical nuclei (PCO), amygdalohippocampal transition area (AHI), 

CE, and posterior medial nucleus (MEp) (see schematic diagram below). In particular, 

the major loss of α1 and β2,3 subunits is found within the lateral nucleus (LA) and 

basolateral nucleus (BL). The α1 subunit is also significantly lost in the lateral 

subregion of the PL (PLl), anterior ME (MEa), and ICM. Loss of the α2 subunit is 

found in the ventral anterior cortical nucleus (ACOv) and loss of the α3 subunit is 

seen in the parahippocampal transition area (PHA). The γ2 subunit does not show 

significant loss. The reduction of GABAA receptor subunit expression may be 

implicated in the pathogenesis of AD in the human brain. 
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Anatomical abbreviations 

 

ac   Anterior commissure 

ACO  Anterior cortical nuclei 

ACOd  Anterior cortical nucleus, dorsal 

ACOr  Anterior cortical nucleus, rostral 

ACOv  Anterior cortical nucleus, ventral 

AG   Angular gyrus 

AHI  Amygdalohippocampal area 

an   Amygdaloid notch 

BLNG  Basolateral nuclear group 

BL   Basolateral nucleus 

BLi   Basolateral nucleus, intermediate subregion 

BLmg  Basolateral nucleus, magnocellular subregion 

BLmgd  Basolateral nucleus, dorsal magnocellular subregion 

BLmgv  Basolateral nucleus, ventral magnocellular subregion 

BLpv  Basolateral nucleus, parvicellular subregion 

BLpvl  Basolateral nucleus, lateral parvicellular subregion 

BLpvm  Basolateral nucleus, medial parvicellular subregion 

BM   Basomedial nucleus 

BMmg  Basomedial nucleus, magnocellular subregion 

BMpv  Basomedial nucleus, parvicellular subregion 

BMvm  Basomedial nucleus, ventromedial subregion 

CA1  Cornu ammonis field 1 (hippocampus) 

CE   Central nucleus 

CEc   Central nucleus, capsular subregion 

CEl   Central nucleus, lateral subregion 

CEm  Central nucleus, medial subregion 

CMA  Centromedial amygdala 

Cl   Claustrum 

Co   Cortical nuclei of the amygdala 

DG   Dentate gyrus (hippocampus) 

en   Endorhinal sulcus 

ENT  Entorhinal cortex 

Epn   Endopiriform nucleus 

GP   Globus pallidus 

GPe   Globus pallidus, external segment 

GPi   Globus pallidus, internal segment 

I   Intercalated cell mass (see also: ICM) 
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icm   Intermediate caudomedial fibre masses 

ICM  Intercalated cell mass (see also: I) 

LA   Lateral nucleus 

LA   Lateral nucleus, dorsolateral subregion 

LaDM  Lateral nucleus, dorsomedial subregion 

LAl   Lateral nucleus, lateral subregions 

LAvl  Lateral nucleus, ventrolateral subregion 

LAvm  Lateral nucleus, ventromedial subregion 

li   Intermediate medullary lamina of the amygdala 

ll   Lateral medullary lamina of the amygdala 

lm   Medial medullary lamina of the amygdala 

ME   Medial nucleus 

MEa  Anterior medial nucleus 

MEp  Posterior medial nucleus 

NLOT  Nucleus of the lateral olfactory tract 

opt   Optic tract 

ParaSub  Parasubiculum (hippocampus) 

PCO  Posterior cortical nucleus 

PCOd  Posterior cortical nucleus, dorsal 

PCOv  Posterior cortical nucleus, ventral 

PHA  Parahippocampal transition area 

PL   Paralaminar nucleus 

PLl   Paralaminar nucleus, lateral subregion 

PLm  Paralaminar nucleus, medial subregion 

PRC  Perirhinal cortex 

PreSub  Presubiculum (hippocampus) 

ProSub  Prosubiculum (hippocampus) 

Put   Putamen 

sas   Semiannular sulcus 

SCLR  Superficial cortical-like region 

SLG   Semilunar gyrus 

Sub   Subiculum (hippocampus) 

tLV   Temporal horn of the lateral ventricles 

UN   Uncus 

un   Uncal sulcus 

 

General abbreviations 

 

Aβ   Amyloid beta 

AD   Alzheimer’s disease 

AIS   Axon initial segment 

AMPA  α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

APP  Amyloid precursor protein  

ARPS  Age related plaque score 

CB   Calbindin-D28K (calcium binding protein) 

CCD  Charge-coupled device (camera sensor) 
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CCK  Cholecystokinin (neuropeptide) 

CERAD  Consortium to establish a registry for Alzheimer’s disease 

CLSM  Confocal laser scanning microscope(y) 

CNS  Central nervous system 

CO2   Carbon dioxide 

CR   Calretinin (calcium binding protein) 

CRF  Corticotrophin-releasing factor (hormone) 

DAB  3,3-Diaminobenzidine 

Em   Emission wavelength 

Ex   Excitation wavelength 

FOV  Field of view 

GABA  γ-Aminobutyric acid 

GABAA γ -Aminobutyric acid receptor, type A (receptor) 

GABAAR γ-Aminobutyric acid receptor, type A receptor 

GAD  Glutamic acid decarboxylase (enzyme) 

GFAP  Glial fibrillary acid protein (astrocytic marker) 

H2O   Dihydrogen monoxide (water) 

hr   Hour (time) 

HRP  Horseradish peroxidase (enzyme) 

IF   Immunofluorescence (technique) 

IHC   Immunohistochemistry (technique) 

ICC   Immunocytochemistry (technique) 

LGIC  Ligand-gated ion channel (membrane protein) 

LSM  Laser scanning microscope(y) 

MAP2  Microtubule-associated protein 2 

NADPH  Nicotinamide adenine dinucleotide phosphate 

NADPH-d Nicotinamide adenine dinucleotide phosphate-diaphorase 

NeuN  Neuronal nucleus (neuronal marker) 

NFT  Neurofibrillary tangle (Alzheimer’s disease lesion) 

NMDA  N-methyl-D-aspartate  

NPY  Neuropeptide Y (neuropeptide) 

NT   Neuropil threads (Alzheimer’s disease lesion) 

PBS   Phosphate-buffered saline 

PBS-Azide Phosphate-buffered saline containing sodium azide 

PBS-Triton Phosphate-buffered saline containing Triton-X100 

PMD  Post-mortem delay (in hours) 

PO4   Phosphate 

PV   Parvalbumin (calcium binding protein) 

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SMI-32 Sternberg Monoclonals Incorporated, product no. 32, monoclonal antibody for 

non-phosphorylated neurofilament H subunits 

SOM Somatostatin (neuropeptide) 

TBS   Tris-buffered saline 

TBS-Tween Tris-buffered saline containing Tween20 

VGAT  Vesicular γ-aminobutyric acid transporter 

yr   Year (age) 
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 The human amygdala is a cluster of nuclei found bilaterally in the rostromedial 

aspect of the temporal lobe. Its anatomy was first partially described in the human 

brain as an almond-shaped grey matter cell mass by Karl Friedrich Burdach in the 

early 19th century (Burdach, 1822). It soon gained traction as an important functional 

structure when ablation studies in rhesus monkeys attributed important emotional 

and behavioural changes to the amygdala including reduced fear and aggression, 

general placidity, and associative learning deficits (Brown & Schafer, 1888; Klüver & 

Bucy, 1937; Weiskrantz, 1956). Since the early 20th century, an increasing body of 

literature has further detailed and refined our understanding of this structure. 

The amygdala is an evolutionarily conserved brain structure found in mammals as 

well as non-mammalian species such as birds, reptiles, and fish (Jarvis et al., 2005; 

Johnston, 1923; Lanuza, Belekhova, Martinez-Marcos, Font, & Martinez-Garcia, 1998). 

It plays a central role in the acquisition, storage, and expression of fear, i.e., learning 

the association between sensory stimuli and its averseness and generating 

behavioural changes in response to the aversive or threatening stimuli (Davis, 1992; 

LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998; LeDoux, 2000, 2003). This particular 

function has been studied extensively with Pavlovian fear conditioning and 

extinction in rodents and non-human monkeys where inhibitory neural circuits were 

found to play a crucial role in gating activity between the amygdala and its upstream 
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and downstream brain targets (Davis, 2000; Feinstein, Adolphs, Damasio, & Tranel, 

2011; LeDoux, 2003). In the human brain, functional and anatomical studies have 

implicated the amygdala in detecting emotional salience in environmental stimuli 

such as positive and negative facial expressions (Adolphs, Tranel, Damasio, & 

Damasio, 1994; Whalen et al., 1998; Yang et al., 2002). Furthermore, the human 

amygdala is involved in fear, anxiety, stress, and addiction and reward, and its 

dysfunction has been implicated in neuropathological disorders including anxiety 

disorders such as post-traumatic stress disorder, major depression, bipolar disorder, 

schizophrenia, autism, and neurodegenerative disorders such as Alzheimer's disease 

(Hill et al., 2001; Klimek, Schenck, Han, Stockmeier, & Ordway, 2002; LaBar et al., 

1998; Mendez-Bertolo et al., 2016; Phan, Fitzgerald, Nathan, & Tancer, 2006; Rasetti 

et al., 2009; Rubinow et al., 2016; Stevens et al., 2017; Wegiel et al., 2014; Wright, 

Dickerson, Feczko, Negeira, & Williams, 2007). The wide range of functional 

involvement reflects back on its complex anatomical composition and widespread 

connections, which, though extensively studied in animals, remains an area of high 

interest in the human brain. 

The human amygdala is a complex of at least 13 different nuclei found ventral to the 

lenticular nucleus of the basal brain and rostral and dorsal to the head of the 

hippocampus in the medial temporal lobe (Figure 2.1, top left). These nuclei have 

been delineated further into subregions in different neuroanatomical studies using a 

range of staining techniques, with immunohistochemical staining becoming 

increasingly used for specific delineations of neurochemical compartments in the 

same nucleus as well as for comparative homology studies (Sims & Williams, 1990; 

Sorvari, Soininen, Paljarvi, Karkola, & Pitkanen, 1995; Sorvari, Soininen, & Pitkanen, 

1996a, 1996b; Watson, Paxinos, & Tokuno, 2010). Nuclei are typically separated by 

white matter borders, but can also merge with each other in the absence of such 

laminae (Figure 2.1, A–F) while subregions are more gradated and reliant on cyto- 
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and chemoarchitectural gradients (Sims & Williams, 1990; Sorvari et al., 1995; Sorvari, 

Soininen, et al., 1996a, 1996b). In the rat, histological stains (Nissl and myelin stains) 

as well as a panel of neurochemical and enzymatic markers including calcium 

binding proteins (calretinin (CR), calbindin (CB), parvalbumin (PV)), SMI-32, 

tyrosine hydroxylase (TH), nicotinamide adenine dinucleotide phosphate diaphorase 

(NADPH-d), and acetylcholinesterase (AChE) have been used to delineate the nuclei 

and subregions (Paxinos, Kus, Ashwell, & Watson, 1999; Watson et al., 2010). In the 

human and non-human monkey, the principle markers used to delineate the 

amygdala have been histological markers (Nissl and myelin stains), AChE, NADPH-

d as well as the calcium binding proteins calretinin, calbindin, and parvalbumin (Mai, 

Paxinos, & Voss, 2008; Pitkanen & Amaral, 1993a, 1993b; Sims & Williams, 1990; 

Sorvari et al., 1995; Sorvari, Soininen, et al., 1996a, 1996b) 

These nuclear delineations—in addition to anterograde and retrograde tract tracing 

connectivity studies that involve injecting tracers into various nuclei or brain regions 

and following their paths to their destination or origin—are used to group the nuclei 

based on the similarity of their characteristics; the amygdala has been delineated into 

three nuclear groups:  

(1) basolateral nuclear group (BLNG), a non-laminar cortex-like structure which 

includes the lateral, basolateral, basomedial, paralaminar, and endopiriform 

nuclei;  

(2) centromedial amygdala (CMA), a striatal-like structure which includes the 

central and medial nuclei, and the intercalated cell masses;  

(3) superficial cortical-like region (SCLR), a cortex-like laminar region which 

includes the cortical nuclei of the semilunar gyrus, the cortical transition areas, 

and the nucleus of the lateral olfactory tract. 
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Neurons dispersed among the white matter tracts which surround the amygdala are 

collectively referred to as the intramedullary grisea (IMG) (Yilmazer-Hanke, 2012). 

Though not classified into any nuclear group, they are heavily embedded in the 

topography of the amygdala (Yilmazer-Hanke, 2012). External to the main body of 

the amygdala and extending rostrally and caudally from the CMA along the basal 

forebrain in close proximity to the internal capsule and anterior commissure are loose 

groups of neurons referred to as the extended amygdala (Alheid & Heimer, 1988). 

The extended amygdala consists of the rostrally located bed nucleus of the stria 

terminalis (BNST) and sublenticular extended amygdala (SLEA), and the caudally 

located amygdalostriatal transition area (AStr). Neurons within the nuclei of the 

extended amygdala share developmental origins with those in the CMA and express 

a similar panel of neurochemical markers (Garcia-Lopez et al., 2008; Hirata et al., 

2009). Given their scattered and irregular location, the nuclei of the extended 

amygdala have rarely been included in studies which do not address these regions 

directly. 

For nomenclature which best aligns with recent studies of all mammals, this thesis 

will use the nomenclature summarized by Yilmazer-Hanke (2012) in The Human 

Nervous System (3rd ed) as described below, with minor adjustments. 

 

 

Figure 2.1 | Anatomy of the Human Amygdala.  

Schematic of the anatomy of the human amygdala at various coronal levels from 

rostral (A) to caudal (F). The amygdala is located in the medial aspect of the temporal 

lobe, anterior to the hippocampal formation. 

Scale bar = 5 mm 
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 The basolateral nuclear group (BLNG) is the first structure of the human 

amygdala which was seen and described by Burdach in his series of anatomical texts, 

vom Baue und Leben des Gehirns (1819–1822). It appears as an enlargement into the 

white matter from the cortical lining of the medial temporal lobe and is roughly 

almond-shaped, an observation which lent the entire complex the name 

“Mandelkern” (German, ‘almond kernel’) and later the “amygdala” (Latin, ‘almond’; 

from Greek, ἀμυγδάλη (amygdalē) ‘almond’) (Burdach, 1822). The BLNG comprises 

the lateral, basolateral, basomedial, paralaminar, and endopiriform nuclei.  

 

 The lateral nucleus (LA) is the most laterally placed and the largest of the nuclei, 

spanning the rostral three-quarters of the amygdala in length (Figure 2.1, A–E ) (Mai 

et al., 2008) and approximately one-quarter to one-third of the cross-sectional area at 

its widest (Figure 2.1, B). Rostrally, the LA is surrounded laterally and ventrally by 

the white matter of the entorhinal and perirhinal cortex; the dorsolateral border takes 

on a striated appearance from interspersing fibre tracts. The medial surface of the LA 

is separated from the basolateral nucleus by a sheath of amygdaloid medullary 

lamina, termed the lateral medullary lamina (ll, Figure 2.1, A–D), which thins ventrally. 

Caudally, the lateral surface interfaces the temporal horn of the lateral ventricles (tLV, 

Figure 2.1, A, D). Based on architectonics, the human LA can be parcellated into the 

dorsolateral (LAdl), dorsomedial (LAdm), and ventromedial subregions (LAvm), 

with cell size and expression of the neurochemical markers AChE, NADPH-d, NPY, 

parvalbumin, calbindin, and oestrogen receptor alpha subtype decreasing in a 

dorsolateral to ventromedial axis (Caberlotto, Fuxe, & Hurd, 2000; Mai et al., 2008; 

Österlund, Keller, & Hurd, 1999; Sims & Williams, 1990; Sorvari et al., 1995; Sorvari, 

Soininen, et al., 1996a).
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The basolateral nucleus (BL; alternatively referred to as the basal nucleus (Frisch et 

al., 2009; Rubinow et al., 2016; Saygin et al., 2017; Sims & Williams, 1990; Sorvari et 

al., 1995; Sorvari, Soininen, et al., 1996a, 1996b)) forms the medial border of the LA 

and spans almost the entire rostrocaudal length of the amygdala (Figure 2.1, A–

E)(Mai et al., 2008). Coronally, its narrower dorsal region and wider ventral region 

forms a triangular nucleus (Figure 2.1, A–B) which becomes more L-shaped at caudal 

levels (Figure 2.1, C–E). The dorsal BL extends laterally over the dorsal surface of the 

LA and appears as a separate mass in coronal sections before it rejoins the main 

nucleus caudally (Figure 2.1, C–D). The dorsomedial border of the BL (the ‘cradle of 

the L-shape’) is separated from the basomedial nucleus by the intermediate medullary 

lamina (li) while its ventral border is lined by the paralaminar nucleus, and the 

parahippocampal-amygdaloid transition area of the SCLR lies at its medial-most 

border (the ‘end of the short arm of the L-shape’) (Figure 2.1, A–E). The dorsal BL 

contains the largest cells found in the amygdala, with neuronal size decreasing 

towards the ventral BL, giving rise to a loosely-packed, large-celled dorsal 

magnocellular (BLmg) subdivision and tightly-packed, small-celled ventral 

parvicellular (BLpv) subregion, with an intermediate (BLi) transitory zone between 

them (Sims & Williams, 1990; Sorvari et al., 1995). These divisions correlate well with 

graduated expression of many pigment, enzymatic and neurochemical markers 

including lipofuscin load, AChE, NADPH-d, NPY, and parvalbumin, with the BLmg 

showing the highest levels of expression—of cholinergic markers in particular—

which decreases in a dorsal to ventral axis within the nucleus (Amaral & Bassett, 1989; 

H. Braak & Braak, 1983; Frisch et al., 2009; Sims & Williams, 1990; Sorvari et al., 1995). 

The basomedial nucleus (BM; alternatively referred to as the accessory basal nucleus 

(Frisch et al., 2009; Rubinow et al., 2016; Saygin et al., 2017; Sims & Williams, 1990; 

Sorvari et al., 1995; Sorvari, Soininen, et al., 1996a, 1996b)) lies dorsomedial to the BL 

and lateral to the SCLR, and spans most of the length of the amygdala, becoming 
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relatively larger cross-sectionally at more caudal levels where the larger BL and LA 

have reduced considerably in size (Figure 2.1, D–F). It is separated from the SCLR at 

its medial border by the medial medullary lamina (lm). At mid to caudal levels, the BM 

lies ventral to the CMA and is separated from the medial nucleus by the intermediate 

caudomedial fibre masses (icm). Similar to the BL, neuron size in the human BM 

decreases from dorsal to ventral, giving rise to magnocellular (BMmg) and 

parvicellular (BMpv) subregions as well as a rostrally located ventromedial (BMvm) 

subregion. 

The paralaminar nucleus (PL) is prominently seen in monkey amygdala as a thick 

sheet of small cells that forms the ventral border of the rostral three-quarters of the 

amygdala (Figure 2.1, A–E). The dorsal surface of the PL interdigitates with the BLpv 

and can be delineated based on myelin staining and its lack of lipofuscin 

pigmentation as well as a higher density of benzodiazepine binding sites and lower 

density of calbindin- and parvalbumin-positive neurons (H. Braak & Braak, 1983; Mai 

et al., 2008; Sorvari et al., 1995; Sorvari, Soininen, et al., 1996a; Zezula, Cortes, Probst, 

& Palacios, 1988). The ventral surface is separated from the entorhinal cortex (EC) 

rostrally (Figure 2.1, A-C) and the subiculum of the hippocampus (Sub) caudally by 

fibre tracts (Figure 2.1, D-E). The tLV forms the ventral border of the PL at caudal 

levels (Figure 2.1,), separating the amygdala from the hippocampus, and studies in 

the monkey indicate the presence of bcl-2- and doublecortin-positive immature 

neurons in a subventricular cell layer which lines the PL-ventricle border as well as 

within the ventral PL itself (Fudge, 2004; Zhang et al., 2009). In lower order species 

such as the rat, the PL is less developed and can be found lining the ventrolateral 

borders of the LA and BL as small cell clusters which have previously been identified 

as part of the intercalated cell masses (deCampo & Fudge, 2012; Millhouse, 1986). 
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The amygdaloid division of the endopiriform nucleus (EN; alternatively referred to 

as the anterior amygdaloid area (Ghashghaei & Barbas, 2002; Sorvari, Soininen, et al., 

1996b)) is an ill-defined region found between the claustrum and the LA and BL of 

the rostral amygdala (Figure 2.1, A)(Mai et al., 2008). 

 

Early anatomical studies using the Golgi silver staining technique in the rat 

(McDonald, 1982b, 1992; Millhouse & DeOlmos, 1983), opossum (McDonald & 

Culberson, 1981), guinea pig, rabbit, dog, fox, pig, cat (Rowniak, Szteyn, & Robak, 

2003), and human (H. Braak & Braak, 1983; Tosevski et al., 2002) have agreed on at 

least two distinct neuron classes in the BLNG of the mammalian amygdala based on 

dendritic and perikarya morphology: the first are spiny neurons similar to the 

excitatory pyramidal neurons of the cerebral cortex, making up at least 70% of 

neurons stained; second are the non-pyramidal and sparsely spined or aspiny 

neurons of more heterogeneous size and morphology.  

 Pyramidal-like neurons, often labelled class I neurons, are often considered the 

primary projection neurons of the BLNG given their resemblance to cortical 

pyramidal neurons (H. Braak & Braak, 1983; McDonald, 1992; McDonald & 

Culberson, 1981; Millhouse & DeOlmos, 1983; Rowniak et al., 2003; Tosevski et al., 

2002). Pyramidal-like neurons in the human amygdala have a conical perikarya 

ranging in size (with the largest cells found in the BLmg and BMmg), a thick apical 

dendrite, numerous thinner basal dendrites, an axon that arises from the perikarya 

or the apical dendrite, and an abundance of usually pedunculated dendritic spines 

increasing in density distally from the perikarya. Their axons leave the nuclear 

boundaries and into the surrounding white matter tracts, often giving off collaterals 

within its own nucleus that make contact with pyramidal-like and non-pyramidal 

neurons (H. Braak & Braak, 1983; McDonald, 1982b; Smith, Paré, & Paré, 2000; 
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Tosevski et al., 2002). Pyramidal-like neurons in the rat and human LA and BL also 

show very low levels of calbindin and calretinin expression (McDonald & Mascagni, 

2001; Sorvari, Soininen, et al., 1996a, 1996b). In contrast to cortical pyramidal neurons, 

BLNG pyramidal-like neurons do not exhibit extensive terminal dendritic 

ramifications and they have no specific laminar pattern to their arrangement, though 

they tend to be oriented along the rostral-caudal axis or the nuclear boundaries (H. 

Braak & Braak, 1983; Tosevski et al., 2002). In comparison to the rat, pyramidal-like 

neurons of the monkey LA were found to have a 90% increase in dendritic branching, 

62% increase in perikarya volume, 250% increase in average dendritic length, and a 

35-fold increase in total dendritic spine number per neuron (Morgan & Amaral, 2014). 

Pyramidal-like neurons show some diversity in their morphology: in addition to 

noting variations in apical dendrite length, perikarya size, and spine density, 

Tosevski et al. (2002) also described “slender” and “squat” subtypes of pyramidal-

like neurons in the human BLNG, and a class of “modified” pyramidal-like neurons 

with two distinct apical dendrites have also been identified in both the rat and human 

amygdala (McDonald, 1982b, 1992; Tosevski et al., 2002). Double-apical spiny 

pyramidal-like neurons have been likened to cortical spiny stellate neurons 

(McDonald, 1982b; Tosevski et al., 2002; Washburn & Moises, 1992a; Yilmazer-Hanke, 

2012), although it has also been argued that the stellate appearance may be due to the 

plane of tissue sectioning in relation to the general rostral-caudal orientation of 

pyramidal-like neurons, which allows the apical dendrite to appear less distinct 

while also allowing the perikarya to appear smaller and rounder (Faber, Callister, & 

Sah, 2001; Huttmann et al., 2006; Sah, Faber, Lopez De Armentia, & Power, 2003). 

Furthermore, diversity of pyramidal-like morphology—including dendritic 

complexity and perikarya shape and size—was not found to correlate to any 

variation in electrophysiological properties (Huttmann et al., 2006).  
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In vivo and in vitro electrophysiological studies the rat and cat are largely in 

agreement with the morphological classifications of BLNG neurons. Physiological 

studies have demonstrated low (< 1 Hz) spontaneous firing rates in LA and BL 

pyramidal-like projections neurons of anaesthetised or sleeping animals (D. R. 

Collins & Paré, 1999; Gaudreau & Paré, 1996; Paré, Pape, & Dong, 1995). In general, 

pyramidal-like neurons in the LA fire long duration action potentials of varying 

levels of adaptation in response to a depolarising current and have a long 

afterhyperpolarization (Faber et al., 2001; Rainnie, Asprodini, & Shinnick-Gallagher, 

1993). Though spiny stellate neurons have not been widely acknowledged as a 

morphologically separate class to pyramidal-like neurons in the BLNG, 

electrophysiological data shows differentiation between the two cell types, and 

unlike pyramidal-like neurons, spiny stellate neurons exhibit burst firing patterns 

with shorter duration action potentials and lower input resistance (Rainnie et al., 

1993).  

Histological evidence strongly suggests that pyramidal-like neurons of the BLNG are 

excitatory projection neurons and use glutamate and aspartate as their primary 

neurotransmitter. Tract tracing studies paired with immunocytochemistry in the cat 

and rat show that intra-amygdala as well as cortical projections from BLNG 

pyramidal-like neurons form asymmetric (excitatory) glutamate- and aspartate-

positive and GABA-negative synapses on the dendritic spines and shafts of their 

target cells (McDonald, 1996; Smith & Paré, 1994; Smith et al., 2000). Expression of 

excitatory receptors N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) are found on the dendritic spines and 

dendritic shafts respectively in the rat BL and LA (Farb, Aoki, & LeDoux, 1995). 

GluR1 and NMDAR1 expression was also found on GABA-negative projection 

neurons in the monkey BLNG (He, Ong, & Leong, 1996). Using single-cell RT-PCR, 

Huttmann et al. (2006) found expression of vesicular glutamate transporter type 1 
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and type 2 in spiny pyramidal-like neurons in the human LA. In contrast, the soma 

and axon initial segment of pyramidal-like cells in the rat, cat, and monkey BLNG are 

surrounded by GABA and GAD65/67-positive puncta but are otherwise devoid of 

GABA and GAD65/67, suggesting that they are not inhibitory neurons though they 

receive strong inhibitory innervation from non-pyramidal local circuit interneurons 

(McDonald, 1985; McDonald & Augustine, 1993; Paré & Smith, 1993a; Pitkanen & 

Amaral, 1994). 

 Non-pyramidal neurons of the BLNG are considered the local circuit 

interneurons of the BLNG, serving to modulate the activity within the amygdala via 

inhibitory action. In comparison to pyramidal-like neurons, non-pyramidal neurons 

present as a smaller but more diverse population of cells in terms of morphology, 

neurochemistry, and physiology. 

Morphologically, they are sparsely spiny or aspiny neurons which occupy a 

continuum of morphologies but share a similarity in their extensive proximal 

dendritic branching and a local axonal field which also branches extensively, a typical 

trait of local circuit interneurons. In the human BLNG, they can be classed into at 

least three different morphological subtypes based on perikarya and dendritic 

arborization: (1) bipolar/bitufted or fusiform neurons with dendrites which arise 

from the poles of an elongated perikarya, forming a narrow, ovoid dendritic tree, (2) 

multipolar neurons with polygonal perikarya, and a circular dendritic field, and (3) 

multipolar gliaform neurons with thin dendrites which form a small, circular 

dendritic field around a spherical perikarya (H. Braak & Braak, 1983; Tosevski et al., 

2002).  

Similar to cortical inhibitory local circuit interneurons, expression of the calcium-

binding proteins parvalbumin, calbindin, and calretinin, as well as the neuropeptides 
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somatostatin (SOM), cholecystokinin (CCK), and neuropeptide Y (NPY) was 

observed in populations of BLNG non-pyramidal neurons of varying morphologies 

(Frisch et al., 2009; Sorvari et al., 1995; Sorvari, Soininen, et al., 1996a, 1996b; Unger & 

Lange, 1992). Immunohistochemical studies in the rat and monkey BLNG show that 

almost all non-pyramidal neurons are GABAergic and express GAD65/67 and GABA, 

the latter of which is sometimes co-expressed with a calcium-binding protein 

(Kemppainen & Pitkänen, 2000; McDonald & Augustine, 1993; McDonald & 

Mascagni, 2001; Pitkanen & Amaral, 1994). Of the small population of non-

GABAergic non-pyramidal neurons, some were found to be projection neurons 

(McDonald, 1987). From the differential expression of calcium-binding proteins and 

neuropeptides, non-pyramidal neurons in the rat BLNG have been classed into four 

subtypes:  

(1)  Parvalbumin-positive neurons, most of which are expressed with calbindin; 

(2)  Small bipolar/bitufted CCK/vasointestinal protein/calretinin-positive neurons;  

(3)  SOM-positive neurons;  

(4) Large multipolar CCK-positive neurons (Mascagni & McDonald, 2003; 

McDonald & Betette, 2001; McDonald & Mascagni, 2001).  

SOM- and NPY-positive non-pyramidal neurons also appear to be projection neurons 

(McDonald & Zaric, 2015).  

Unlike the relatively low rate of spontaneous activity seen in pyramidal-like neurons, 

non-pyramidal neurons show high discharge rates in various patterns. In general, 

non-pyramidal neurons of the BLNG fire short duration action potentials in a non-

adaptive high frequency train following injection of a depolarising current 

(Huttmann et al., 2006; Lang & Paré, 1998b; Paré et al., 1995; Rainnie et al., 1993; 

Washburn & Moises, 1992a, 1992b). Based on firing properties, non-pyramidal 
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neurons in the rat BLNG have also been classed into four distinct subtypes (Rainnie, 

Mania, Mascagni, & McDonald, 2006): (1) burst-firing, (2) regular-firing, (3) fast-firing, 

and (4) stutter-firing. Paired physiological-histochemical studies find that burst-

firing and stutter-firing neurons were parvalbumin-positive (Rainnie et al., 2006). 

CCK-positive neurons in the rat BLNG have been further classed into three 

physiological subtypes (Jasnow, Ressler, Hammack, Chhatwal, & Rainnie, 2009). The 

combined evidence suggests that there are more subtypes of non-pyramidal neurons 

than either morphological, neurochemical, or physiological subtypes alone would 

indicate. 

 

 In comparison to the proportion of the rat BLNG within the rat amygdala, the 

primate BLNG is considerably enlarged within the primate amygdala, with more 

complex dendritic and axonal patterns instead of neuronal numbers making up the 

bulk of the volumetric increase (Figure 2.2)(Chareyron, Banta Lavenex, Amaral, & 

Lavenex, 2011; Morgan & Amaral, 2014). These differences have chiefly been 

attributed to the greater development of the primate neocortex with which the BLNG 

forms strong connections, many reciprocal (Amaral & Insausti, 1992; Carmichael & 

Price, 1995).  

Most functional studies treat the LA, BL, and BM as a singular entity. Though the 

somewhat homogeneous cytoarchitectonics of the BLNG as a whole contributes to 

this tendency, regional neurochemistry can vary between regions, and tract tracing 

studies in the rat, cat, and monkey amygdala have found that the BLNG nuclei are 

also very distinct in their connections with each other and with the rest of the brain 

as summarised below. 
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 The activity of the BLNG is largely driven by intraamygdala or extrinsic 

projections; as mentioned earlier, the pyramidal-like projection neurons of BLNG 

show low spontaneous activity. The majority of thalamic and cortical afferents to the 

rat BLNG are excitatory and glutamatergic or aspartergic and terminate on the 

pyramidal-like neurons while a smaller percentage terminates on non-pyramidal 

inhibitory interneurons (Farb et al., 1995; Farb & LeDoux, 1997; Smith et al., 2000). 

The projection neurons of the BLNG also give off axon collaterals which terminate on 

local circuit interneurons while the interneurons in turn form inhibitory synapses 

onto pyramidal-like projection neurons, providing tight inhibitory control over 

projection neuron activity (Lang & Paré, 1998a; Smith et al., 2000; Sorvari, Miettinen, 

Soininen, & Pitkanen, 1996; Woodruff & Sah, 2007a). Parvalbumin-positive 

interneurons are also known to form interneuron-interneuron connections and 

together may constitute a processing unit outside of pyramidal-like cell networks 

(Woodruff & Sah, 2007a, 2007b).  

 The LA is perhaps the most studied nucleus in the BLNG and has traditionally 

been considered the sensory interface of the amygdala, especially in regards to fear 

circuitry and fear conditioning (LeDoux, Cicchetti, Xagoraris, & Romanski, 1990). The 

LA is known to be crucial in integrating environmental stimuli to form memories and 

generate a physiological response; surgically lesioning the LA in adult rats, for 

example, results in an impairment in association of a neutral auditory stimulus with 

a paired aversive stimulus such as electrical foot shock (Nader, Majidishad, 

Amorapanth, & LeDoux, 2001; Wallace & Rosen, 2001). The LA receives afferents 

from numerous sensory regions within the brain with a small degree of reciprocation 

and topographic distribution (Figure 2.4): auditory and visual regions including the 

thalamic medial and lateral geniculate nucleus, and the lateral posterior nucleus; 
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gustatory and visceral regions including the insular cortex, posteromedial ventral 

thalamic nucleus; olfactory regions including the piriform cortex and anterior 

olfactory nucleus; and somatosensory regions including the pontine parabrachial 

nucleus and the thalamic posterior intralaminar nuclei (Bernard, Alden, & Besson, 

1993; LeDoux, Farb, & Ruggiero, 1990; Nakashima et al., 2000; Shi & Cassell, 1998; Shi 

& Davis, 2001; Stefanacci & Amaral, 2000; Turner & Herkenham, 1991). In addition 

to sensory inputs, the LA also sends heavy projections to memory systems including 

the entorhinal cortex, and reciprocally to the polar perirhinal cortex (Amaral & Price, 

1984; Saunders & Rosene, 1988; Saunders, Rosene, & Van Hoesen, 1988a).  

Downstream within the amygdala, the LA projects to almost all the nuclei, with the 

heaviest connections to the BL and BM, while receiving sparse projections in return 

(Figure 2.3) (Aggleton, 1985; Krettek & Price, 1978; Ottersen, 1982). Though the focus 

on the LA in literature has largely been at its sensory associations, a high density of 

serotonin receptor (5-HT2A and 2C) expression and the presence of cannabinoid 

(CB1) and dopamine receptor mRNA and binding sites in addition in the monkey 

and human LA highlights its involvement of the LA in limbic reward and attention 

pathways which use these neurotransmitters (Klimek et al., 2002; Lopez-Gimenez, 

Mengod, Palacios, & Vilaro, 2001; Lopez-Gimenez, Vilaro, Palacios, & Mengod, 2001; 

Ong & Mackie, 1999).  

 The BL, specifically the BLpv, is the main amygdala target of heavy hippocampal 

CA1 and subiculum projections and also receives afferents from the thalamus as well 

as numerous cortical association structures including the medial prefrontal cortex, 

orbital cortex, insula cortex, entorhinal cortex (Figure 2.4) (Carmichael & Price, 1995; 

Saunders & Rosene, 1988; Saunders et al., 1988a). The BL also forms reciprocal 

connections with the reward-related ventral striatum and sends projections to the 
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caudate (McDonald, 1991; Russchen, Bakst, Amaral, & Price, 1985). Within the 

amygdala, the BL receives heavy projections from the LA and sends strong 

projections to the CE and lighter projections to the SCLR (Aggleton, 1985). Within the 

monkey BL, the BLpv forms connections with the BLi and BLmg (Aggleton, 1985).  

 The BM projects heavily to the CE as well as the SCLR, and sends sparse 

projections back to the BL and LA from which it receives strong projections (Figure 

2.3) (Aggleton, 1985; Pitkanen & Amaral, 1998). The BM sends efferents to the ventral 

striatum, periaqueductal grey, the orbital cortex, and receives afferents from the 

hippocampal CA1 field (Figure 2.4) (Carmichael & Price, 1995; Fudge, Kunishio, 

Walsh, Richard, & Haber, 2002; Russchen et al., 1985; Saunders & Rosene, 1988; 

Saunders, Rosene, & Van Hoesen, 1988b). 

 The PL projects to the BL and CEl, and receives efferents from the ventral LA 

(Figure 2.3)(Aggleton, 1985; Amaral & Insausti, 1992; Fudge & Tucker, 2009; Pitkanen 

& Amaral, 1998). Like the BLpv, the PL also receives heavy projections from the 

hippocampus (Figure 2.4) (Saunders et al., 1988a).  

 

 

 The central nucleus (CE) is a flattened ovoid structure spanning the caudal two-

thirds of the amygdala (Figure 2.1, B–F). It sits dorsal to the medial BLNG and, at the 

most caudal levels, ventral to the globus pallidum of the lenticular nuclei (Figure 2.1, 

E, F). The CE can be delineated into two main subregions: the medial subregion (CEm) 

which contains larger and heavily pigmented cells and the lateral subregion (CEl) 

which can be further divided into the sparsely pigmented apico-lateral subregion 

(CElap), the heavily pigmented capsular-lateral subregion (CElcp), and the both 
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heavily and sparsely pigmented centro-lateral subregion (CElc) (Mai et al., 2008; 

Urban & Yilmazer-Hanke, 1999). In the rat, the CE can be distinguished by a dense 

expression of corticotrophin-releasing factor (CRF) (Sakanaka, Shibasaki, & Lederis, 

1986). 

The intercalated cell masses (ICM) have traditionally been identified in the 

mammalian brain as discrete clusters of densely packed, small neurons which lie 

within the internuclear lamina of the dorsal BLNG and ventral to the CMA (Figure 

2.1, B–D). Zikopoulos, John, García-Cabezas, Bunce, and Barbas (2016) have recently 

proposed that rather than discrete islands, the ICM in the monkey amygdala is more 

akin to a cellular “net” that extends through the white matter space between the 

BLNG and the CMA. In this schema, the clusters of cells were regarded as denser 

clusters within a continuum that also contained cell-sparse regions. This proposal is 

in line with earlier observations in the rat amygdala by Millhouse (1986), though they 

may be treated as discrete cell clusters in some studies (Mańko, Geracitano, & 

Capogna, 2011). 

The medial nucleus (ME) is a crescent-shaped superficial nucleus that sits in the 

fundus of the endorhinal sulcus, dorsal to the SCLR and medial to the CE, spanning 

most of the length of the amygdala (Figure 2.1, B–F). Though the ME is a 3-layered 

laminar structure like the SCLR, it is typically classed as a CMA nucleus due to a 

large population of peptidergic projections neurons which form connections with 

brainstem and hypothalamic centres (see section 2.1.3.3). The ME has been further 

subdivided into the anterior (MEa; Figure 2.1, B, C) and posterior (MEp; Figure 2.1, 

D–F) subregions based on higher calretinin expression in the MEp (Mai et al., 2008; 

Sorvari, Soininen, et al., 1996b; Yilmazer-Hanke, 2012).  
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 Although the CE, ME, and ICM present as topographically distinct nuclei, there 

exists an anatomical distinction within the CE where CEl neurons are more 

morphologically akin to neurons found in the ICM (collectively referred to as the 

‘lateral CMA’) while CEm neuron populations resemble those in the ME (collectively 

the ‘medial CMA’). However, the differences in neuronal morphology are offset by a 

large overlap of neurochemical and physiological properties of principal neurons 

found across the entire region. 

Morphological Golgi-staining studies in the rat, cat, and monkey amygdala showed 

that principal neurons the lateral CMA (CEl and ICM) resemble the inhibitory 

medium-sized spiny neurons of the neighbouring caudate-putamen, collectively 

named the striatum (Hall, 1972; Kamal & Tombol, 1975; McDonald, 1982a; Schiess, 

Callahan, & Zheng, 1999; Sun & Cassell, 1993; Tombol & Szafranska-Kosmal, 1972; 

Zikopoulos et al., 2016).   

CEl neurons have an ovoid perikarya with three to five sparsely-spiny primary 

dendrites which become heavily spine-laden in higher order branches. Their axons 

arborize moderately, giving off collaterals within the nucleus close to the dendrites 

of other spiny neurons before leaving the nucleus. Principal neurons of the ICM have 

smaller ovoid or fusiform perikarya but are similarly spine-laden on its higher-order 

dendritic branches, with axons which enter the BLNG, CE, and the surrounding 

white matter including the external capsule. In contrast, the principal neurons of the 

rat and cat medial CMA (CEm and ME) have fewer primary dendrites which arise 

from an irregularly shaped perikarya and fewer higher-order branches which are 

spine-sparse to moderately spiny (Hall, 1972; Kamal & Tombol, 1975; McDonald, 

1982a).  
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Medium-sized spiny neurons in the rat CE were found to have a hyperpolarised 

resting membrane potential, a non-accommodating short duration medium 

afterhyperpolarisation, and a non-accommodating response (Schiess et al., 1999). 

However, in the guinea pig CEm, around half of the neuronal population with 

medium-spiny morphology were found to have a delayed firing response and a 

continuum of firing properties from single spikes to high-frequency bursts (Martina, 

Royer, & Paré, 1999).  

A smaller population of aspiny/spine-sparse/varicose neurons with large, irregularly 

shaped perikarya, some of which resemble striatal interneurons, have been found 

throughout the rat, cat, and monkey CMA (Bian, 2013; Hall, 1972; Kamal & Tombol, 

1975; McDonald, 1982a; Zikopoulos et al., 2016). Aspiny neurons in the ICM were 

found to express calbindin or nitrous oxide synthetase (NOS) and NADPH-d 

(Zikopoulos et al., 2016). In the rat CE and ME, these larger aspiny neurons were 

found to have a low input resistance depolarized resting membrane potential, a long 

duration slow-afterhyperpolarisation, and an accommodating response (Bian, 2013; 

Schiess et al., 1999).  

Principal projection neurons of the CMA are distinct in their expression of 

neuropeptides. The mammalian CMA contains a mixed population of DARPP-32-, 

enkephalin, neurotensin-, neurokinin B-, NPY-, secretoneurin-, and SOM-positive 

neurons which show differential projection patterns (Caberlotto et al., 2000; Chawla, 

Gutierrez, Young, McMullen, & Rance, 1997; Marksteiner et al., 1993; McDonald, 1989; 

Veening, Swanson, & Sawchenko, 1984; Zikopoulos et al., 2016). Similar to the 

striatum, principal neurons of the rat and monkey CMA are primarily GABAergic 

and exhibit dense GABA immunoreactivity and are often surrounded by a high 

density of GABA-positive puncta, some of which originate from outside the 

amygdala, suggesting strong inhibitory innervation (McDonald & Augustine, 1993; 
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Sun & Cassell, 1993). In addition to GABA-positive neurons, the medial CMA also 

contains a sizeable population of principal neurons that lack GABA-like 

immunoreactivity, though they are also surrounded by a high density of GABA-

positive puncta (McDonald & Augustine, 1993; Pitkanen & Amaral, 1994). 

Ontological and immunohistochemical studies indicate that these GABA-negative 

principal neurons are likely glutamatergic (Hirata et al., 2009; Simmons & Yahr, 2003). 

Interestingly, principal neurons of the monkey medial CMA were found to have high 

levels of GAD65/67 mRNA despite a relative lack of GABA immunoreactivity, which is 

in contrast to the presence of GABA immunoreactivity seen in the rodent medial 

CMA (McDonald & Augustine, 1993; Pitkanen & Amaral, 1994; Sun & Cassell, 1993).  

 

 In contrast the primate CMA, the rodent CMA is a proportionally large structure, 

taking up almost as much volume as the BLNG and SCLR (Figure 2.2) (Chareyron et 

al., 2011). As a structure that is often considered central to the generation of 

physiological fear responses, the CE, in particular the CEm, is often considered the 

main output nucleus of the amygdala especially in regards to the fear circuitry and 

in generating the physiological aspects of the fear response (Duvarci, Popa, & Pare, 

2011; Kalin, Shelton, & Davidson, 2004) . 

 The CMA is downstream to a combination of intra-amygdala excitatory and 

inhibitory projections (Figure 2.3) (Aggleton, 1985). BLNG projections carry 

processed contextual information from internal or environmental stimuli, which, 

along with external afferents, drives the output activity of the CEm (Duvarci et al., 

2011; Kalin et al., 2004). The main excitatory inputs into the CMA, in particular the 

CEm, are excitatory projections from the BL and BM which terminate on AMPA or 

NMDA receptors (Figure 2.3) (Fudge & Tucker, 2009; He et al., 1996; Ikonomovic & 

Armstrong, 1996; Mueller & Meador-Woodruff, 2005; Sah & De Armentia, 2003; 
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Smith & Paré, 1994). The CMA does not send many projections back to the BLNG or 

SCLR and tracing studies have found that the CE only sends sparse projections back 

to the BL, BM, and PCO while the CEl receives projections mainly from the SCLR and 

provides a robust inhibitory input into the CEm to disinhibit CEm principle neurons 

(Figure 2.3)(Aggleton, 1985; Duvarci et al., 2011; Fudge & Tucker, 2009; Krettek & 

Price, 1978; McDonald & Augustine, 1993; Nitecka & Ben-Ari, 1987; Ottersen, 1982). 

The ICM receives en passant collaterals from the LA and BM and sends inhibitory 

projections to the CE and ME to modulate their output activity (Figure 2.3) 

(McDonald & Augustine, 1993; Nitecka & Ben-Ari, 1987; Paré & Smith, 1993b).  

 Based on BLNG activity, the principal neurons of the rat and CE send robust 

inhibitory and often reciprocal efferents to structures which regulate numerous 

autonomic functions. Anterograde and retrograde tracing studies have found that 

the CE forms robust connections with the midbrain and brainstem (including the 

parabrachial nucleus, dorsal vagal complex/nucleus of the solitary tract, raphe nuclei, 

locus coeruleus, substantia nigra, ventral tegmental area, basal nucleus of Meynert, 

periaqueductal gray), the substantia innominata, the hypothalamus (the mammillary 

nuclei, the dorsomedial nucleus, and the posterior lateral hypothalamus), the 

thalamus (dorsomedial nucleus and nucleus reuniens), and the anterior and posterior 

insular cortices (Figure 2.4) (Amaral & Insausti, 1992; McDonald, 1987; Price & 

Amaral, 1981; Reppucci & Petrovich, 2016; Rizvi, Ennis, Behbehani, & Shipley, 1991; 

Shi & Cassell, 1998; Usunoff, Itzev, Rolfs, Schmitt, & Wree, 2006; Veening et al., 1984). 

The physiological responses—flight-or-flight responses which include changes in 

respiratory rate, heart rate, blood pressure, freezing, startle through disinhibition of 

downstream neural substrates—induced by many of these inhibitory efferents are 

often used as fear response measurements in studies of the fear circuitry in the rodent 

and monkey amygdala (Davis, 2000; Kalin et al., 2004; LeDoux, 2000, 2003; Tovote et 
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al., 2016). Though it’s difficult to translate lower order animal behaviour to humans 

due to a greater volume of contextual factors affecting human behaviour by virtue of 

a more developed neocortex, the physiological responses observed in rats and 

monkeys have been likened to the symptoms often seen in anxiety disorders in which 

the amygdala has been shown to have significantly increased activity compared to 

controls. (Davis, 2000; Kalin et al., 2004; Kwon et al., 2015; LeDoux, 2000; Rauch, Shin, 

& Phelps, 2006; Stevens et al., 2017). 

 The ME has been implicated in a different set of behaviours than the CE: while 

the CE is strongly associated with fear behaviours, animal behavioural studies have 

found that in rats and hamsters, cells expressing androgen or estrogen receptors in 

the MEa and dorsal MEp were involved in feeding and sexual behaviours while the 

ventral MEp was implicated in aggressive and defensive behaviours (Pfaus, 

Kleopoulos, Mobbs, Gibbs, & Pfaff, 1993; Simmons & Yahr, 2003; Tovote et al., 2016; 

Veening & Coolen, 1998; Veening et al., 2005; Wood & Newman, 1993). 

These behaviours are thought to arise from ME afferents to numerous brain regions 

including the ventral striatum and ventral pallidum, the lateral hypothalamus, 

olfactory structures, the centromedian/parafascicular nuclei of the thalamus, and the 

insular cortices as well as midbrain and brainstem structures including the 

periaqueductal gray, ventral tegmental area, and raphe nuclei (Figure 2.4) (Canteras, 

Simerly, & Swanson, 1995; McDonald, 1987; Shi & Cassell, 1998). The ME also 

receives efferents from the medial prefrontal and orbitofrontal cortices, the insular 

cortices, and nucleus reuniens of the thalamus (Shi & Cassell, 1998; Stefanacci & 

Amaral, 2002). 
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 The SCLR is a laminar structure comprising the medial surface of the amygdala. 

It lies between the dorsally located endorhinal sulcus (en) and the ventrally located 

semiannular sulcus (sas) and forms the semilunar gyrus (SLG). Included in the SCLR 

are also the transition areas which show a less distinct laminar structure (Yilmazer-

Hanke, 2012). Unlike the cerebral cortices, which can have up to seven distinct layers, 

nuclei of the SCLR have three layers which vary in thickness between the different 

nuclear regions: layer 1, superficial molecular layer; layer 2, outer cell-dense layer; 

layer 3, inner loose cellular layer (Mai et al., 2008; Yilmazer-Hanke, 2012).  

The rostral two thirds of the SLG, when viewed from the medial pial surface, can be 

delineated into anterior and posterior regions, which in turn can be delineated into 

dorsal and ventral regions, giving rise to four nuclei, with nomenclature modified 

from Yilmazer-Hanke (2012): anterior cortical nucleus, dorsal division (ACOd); 

anterior cortical nucleus, ventral division (ACOv); posterior cortical nucleus, 

dorsal division (PCOd); posterior cortical nucleus, ventral division (PCOv) (Figure 

2.1). Compared to the more diffuse layers 2 and 3 of ACOv and PCOv, the ACOd and 

PCOd have a more distinct layer 2—more so in the ACOd—and a thinner layer 3 

with a more irregular neuronal arrangement (Hall, 1972; Mai et al., 2008; Yilmazer-

Hanke, 2012). 

The amygdalohippocampal transition area (AHI) occupies the caudal third of the 

SLG (Figure 2.1, F). The AHI can be delineated by its high expression of estrogen 

receptor alpha mRNA (O ̈sterlund, Gustafsson, Keller, & Hurd, 2000). A sheath of 

white matter, the medial medullary lamina (lm) and the intermediate caudomedial 

fibre masses (icm), separates the ACO/PCO/AHI from the BM located to its lateral 

border (Figure 2.1, C–F).  
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The anterior cortical nucleus, rostral division (ACOr; known simply as the anterior 

cortical nucleus (ACo or COa) in some studies (Amaral & Bassett, 1989; Pitkanen & 

Amaral, 1994)) lies above the SLG between the endorhinal notch (en) and the 

amygdala notch (an), and is rostral to the MEa. It can be neurochemically 

distinguished from MEa by a lower density of neurons expressing GAD mRNA in 

the monkey amygdala as well as a higher density of NPY-positive cells (McDonald, 

Mascagni, & Augustine, 1995; Pitkanen & Amaral, 1994). Compared to the cortical 

nuclei of the SLG, the ACOr has a much broader molecular layer 1 (Mai et al., 2008). 

The amygdalapiriform transition area (APir) is located immediately rostral to the 

SLG and also features a broad molecular layer 1 (Mai et al., 2008). 

The parahippocampal-amygdaloid transition area (PHA) lies in the sas and forms 

the ventral transition between the SLG and the entorhinal cortex (EC; Figure 2.1, A–

E). Laterally, it is bordered by the BLpv. Caudally, it becomes supplanted by the AHI 

(Figure 2.1, F). In the monkey, the PHA can be delineated from the nuclei of the SLG 

and the EC by a higher density of tyrosine-hydroxylase-positive fibres (Sadikot & 

Parent, 1990). 

The nucleus of the lateral olfactory tract (NLOT) could be found underlying the an 

in monkey amygdala. Though the existence and homology of the monkey and human 

NLOT is not widely acknowledged as it is in the rodent, Yilmazer-Hanke (2012) argue 

that the converging evidence of ChAT, AChE, NPY, SOM, and NADPH-d expression 

in layers 2 and 3—similar to the pattern seen in the rodent NLOT—in the region 

typically assigned as the NLOT indicates that a separate nucleus exists even if they 

are not functionally similar. 
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 In the rodent, cells of the SCLR, as in the BLNG and cerebral cortex, are derived 

from the medial and lateral ganglionic eminences (Hirata et al., 2009; Nery, Fishell, 

& Corbin, 2002). As such, the cell types present within the SCLR is similar to those 

present in the BLNG; though not many studies have been conducted on the SCLR in 

comparison to the BLNG or CMA, Golgi staining studies in the cat and monkey have 

identified two main morphological classes of cells in the SCLR: the larger population 

of distally spiny pyramidal-like neurons, and the smaller population of aspiny or 

spine-sparse non-pyramidal neurons (Hall, 1972; Herzog, 1982; Kamal & Tombol, 

1975).  

Pyramidal-like neurons, as in the BLNG, have a pyramidal perikarya with one or 

two thicker apical dendrite and numerous thinner basal dendrites (Hall, 1972; 

Herzog, 1982). In layer 2, they are usually aligned with their single- or double-apical 

dendrite pointing towards the pial surface and extending into layer 1 (Hall, 1972). 

Their basal dendrites and axons extend in the opposite direction towards layer 3 and 

the axons often form collaterals near neuronal perikarya before leaving the nucleus. 

Pyramidal-like neurons in layer 3 are larger and often have longer apical dendrites 

which extend through layer 2 and into layer 1. In comparison to the pyramidal-like 

neurons of the BLNG however, ACO and PCO pyramidal-like neurons were found 

to have a less complex dendritic tree, with smaller dendritic fields and less frequent 

dendritic branching (Herzog, 1982).  

Non-pyramidal neurons in the SCLR were found to express a panel of calcium-

binding proteins including parvalbumin, calbindin, and calretinin though they did 

not occur in high density (Sorvari et al., 1995; Sorvari, Soininen, et al., 1996a, 1996b). 

These neurons were of fusiform, polygonal, ovoid, and multipolar morphology. Non-

pyramidal neurons of the human and monkey SCLR were also found to express NPY 
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and SOM as well as NAPDH-d (Brady, Carey, & Mufson, 1992; Caberlotto et al., 2000; 

McDonald et al., 1995). 

 

 Similar to the LA, the mammalian SCLR is a recipient of many sensory efferents. 

The Co receives projections from olfactory structures including the main olfactory 

bulb, the anterior olfactory nucleus, the olfactory entorhinal cortex, and the piriform 

cortex (Aggleton, 1985; Carmichael, Clugnet, & Price, 1994). Evidence from functional 

studies indicate that the human amygdala, as in rodents and monkeys, does play a 

role in olfactory memory and generating aversive behaviour in response to 

threatening olfactory stimuli (Buchanan, Tranel, & Adolphs, 2003; Zald & Pardo, 

1997). However, whether or not the human SCLR is involved in olfactory-related 

behaviour via direct innervation from olfactory structures or as the result of 

downstream projections from the BLNG remains ambiguous. The mammalian SCLR 

receives heavy projections from the BLNG and sends little back in return (Aggleton, 

1985) 

Like the BLNG, the SCLR forms connections with the medial prefrontal and 

orbitofrontal cortices, the entorhinal cortex, and the hippocampus, structures 

involved in cognition and memory (Amaral & Insausti, 1992; Saunders & Rosene, 

1988; Saunders et al., 1988a; Stefanacci & Amaral, 2002). The CO receives projections 

from the insula cortices and the hypothalamus (Stefanacci & Amaral, 2002). The PHA 

and AHI projects to mediodorsal thalamus and nucleus accumbens, suggesting a role 

in reward and motivation (Fudge et al., 2002; Russchen et al., 1985).  

In summary, the amygdala is a highly neurochemically and physiologically 

heterogeneous structure whose widespread connections with the brain places it in a 

position to be involved with a variety of functions.  

 







    31 

 

γ-Aminobutyric acid (GABA) is one of the chief inhibitory neurotransmitters in 

the mammalian central nervous system (CNS) and its action is mediated by two main 

classes of receptors: fast-acting anion-selective GABAA ion channels and slower 

acting G-protein-coupled GABAB receptors. In most cases, the binding of GABA to 

its receptor induces neuronal hyperpolarisation and reduces susceptibility to 

depolarisation, thus depressing or “inhibiting” neuronal activity. Inhibitory 

GABAergic activity modulates temporal excitability of neurons, maintain temporal 

and spatial trans-synaptic signalling, and maintain oscillatory pacemaker activities 

across the brain (Roux & Buzsáki, 2015). The widespread expression of the GABAA 

receptor in the brain and their diverse pharmacological and physiological profile 

underlies their involvement in almost all functions of the brain, including emotion 

and cognition, sensorimotor control and processing, homeostatic and autonomic 

control, and circadian processes. For the purposes of this thesis, focus will be placed 

on GABAA receptors. 

 

 The GABAA receptor is part of the Cys-loop, pentameric ligand-gated ion channel 

(LGIC) superfamily of receptors, which also includes strychnine-sensitive glycine 

receptors, nicotinic acetylcholine receptors, and serotonin type-3 receptors (Olsen & 

Sieghart, 2008). Genetic sequencing has found at least 20 genes that encode for the 

pool of subunits from which the receptor is assembled; these are grouped according 

to sequence similarity and include the α1-6, β1-4, γ1-3, ρ1-3, δ, ε, π, and θ subunits 

(Olsen & Sieghart, 2008; Sigel & Steinmann, 2012; P. J. Whiting et al., 1999). Each 

subunit consists of four α-helical transmembrane domains termed M1-M4, of which 

M2 lines the central pore (Karlin & Akabas, 1995; Miller & Aricescu, 2014). Each 

subunit contributes an N-terminal extracellular domain from the M1 domain which 

forms ligand binding sites and a long intracellular loop between M3 and M4 which 
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contains phosphorylation and binding sites important for receptor assembly and 

clustering (Figure 2.1, A) (P. J. Whiting, McKernan, & Wafford, 1995). The interface 

between the extracellular domain of α and β subunits forms the binding site for the 

primary agonist, GABA (Figure 2.1, B) (Karlin & Akabas, 1995; Miller & Aricescu, 

2014). Upon binding of the ligand, GABA, to the extracellular face of the receptor, the 

five subunits undergo a transient conformation change at the M2 transmembrane 

domain; the conformation change allows the passage of chloride (CL-) or carbonate 

(CO32-) ions (Bormann, Rundström, Betz, & Langosch, 1993; Olsen & Sieghart, 2008). 

Though the anatomy of GABAA receptors has extrapolated from studies on nicotinic 

acetylcholine receptors, the recent crystallisation of the human GABAA β3 

homopentamer has largely confirmed these extrapolations (Miller & Aricescu, 2014).  

In addition to GABA, the GABAA receptor also contains multiple binding sites for 

allosteric modulators which serve to alter the activity and ligand affinity of the 

receptor (discussed in detail in section 2.1.3.2). Though the permutation of subunit 

compositions is theoretically large, the most common physiological assembly found 

in the brain is with two α and two β subunits and a γ subunit, and the most common 

combination is α1/β2/γ2 (Olsen & Sieghart, 2008; Sigel & Steinmann, 2012). It is these 

subtypes and their presence on distinct neuronal populations which confer the wide 

range of pharmacologies and physiologies seen with GABAA receptors. 

 

 GABA is synthesized in presynaptic GABAergic neurons from the enzymic 

conversion of L-glutamic acid catalysed by L-glutamic acid decarboxylase (GAD) and 

stored by the vesicular GABA transporter (VGAT) in vesicles at the presynaptic 

terminal (Figure 2.1, C). Two isoforms of GAD exist in the mammalian brain as 

defined by their molecular weight in kDa: GAD65 is found primarily at axonal 

terminals and is directly involved with GABAergic transmission while GAD67 is 
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found throughout the neuron (Esclapez, Tillakaratne, Kaufman, Tobin, & Houser, 

1994). Upon the arrival of a depolarizing potential at the presynaptic terminal, GABA 

is released into the synaptic cleft via fusion of the vesicles to the presynaptic 

membrane. GABA binds to postsynaptically located GABAA receptors, leading to 

hyperpolarization of the postsynaptic membrane through a translocation of anions.  

In the mammalian central nervous system, functional GABAergic synapses require 

the clustering of GABAA receptors at the postsynaptic membrane which requires the 

interaction of the γ2 subunit with the scaffolding protein gephyrin (Essrich, Lorez, 

Benson, Fritschy, & Luscher, 1998). Similarly, studies have shown that the β3 subunit 

is important for receptor assembly in receptor subtypes that contain the α1 subunit, 

and β subunits are involved in the sorting of GABAA receptors into the apical or basal 

compartments of polarised cells (Ehya, Sarto, Wabnegger, Klausberger, & Sieghart, 

2003; Perez-Velazquez & Angelides, 1993). The ultrastructure of the postsynaptic 

density (PSD; postsynaptic structure) appears equally electron-dense as the 

presynaptic density in a GABAergic synapse, prompting their description as 

“symmetrical synapses”. A large population of GABAA receptors also resides outside 

the synapse (Figure 2.5, C). Termed extrasynaptic GABAA receptors, their presence 

contributes to ambient tonic inhibitory activity within the brain in contrast to the fast 

and transient phasic inhibitory activity of synaptic GABAA receptors (Farrant & 

Nusser, 2005; Z. Nusser, Sieghart, & Somogyi, 1998). 
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Figure 2.5 | Anatomy of the GABAA receptor and the GABAA receptor synapse. 

(A) Schematic of a single GABAA receptor subunit. The large N-terminus domain and 

shorter C-terminus reside on the extracellular side of the cellular membrane. The two 

domains are connected by four α-helical transmembrane domains (M1–M4) of which 

M2 lines the central pore and contains the binding domains for picrotoxin and 

neurosteroids. A long intracellular loop between the M3 and M4 contains regulatory 

phosphorylation sites (P).  

(B) Schematic of a single GABAA receptor assembled from five subunits—two α 

subunits, two β subunits, and a γ subunit. The GABA binding site is located between 

the interface of the α and β subunit extracellular domains while the BZ binding site 

is located between the α and γ subunit extracellular domains. Binding sites for 

anaesthetics and endocannabinoids reside on the β3 subunit. 

(C) Schematic of a single GABAergic synapse. Glutamate is converted to GABA in 

the presynaptic neuron by glutamate decarboxylase (GAD) and stored in vesicles 

through vesicular GABA transporter (VGAT). Upon arrival of a depolarising action 

potential, these vesicles release their content into the synaptic space where GABA 

binds to the postsynaptic GABAA receptors. GABAA receptors located outside the 

synapse contribute to tonic inhibition while the synaptic GABAA receptors mediate 

phasic inhibition. 
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 As mentioned previously, synaptic and extrasynaptic GABAA receptors are 

involved in two different forms of inhibition: tonic inhibition and phasic inhibition.  

Phasic inhibition is mediated by synaptic receptors activated by transient GABA 

release at the presynaptic terminal following the arrival of a depolarising current at 

the presynaptic buton. This results in an transient inhibitory postsynaptic current 

(IPSC) whose amplitude and duration is dependent on the number and type of 

GABAA receptors present, the presence and action of modulatory compounds, and 

the concentration and duration of GABA release in the synapse (Essrich et al., 1998; 

Mozrzymas, Żarmowska, Pytel, & Mercik, 2003; Zoltan Nusser, Naylor, & Mody, 

2001). The spill-over from synaptic GABA release was also found to contribute to the 

activation of extrasynaptic GABAA receptors in tonic inhibitory activity (Rossi & 

Hamann, 1998). 

Tonic inhibition is mediated by extrasynaptic GABAA receptors. Tonic inhibition 

arises from ambient levels of GABA present in the extracellular spaces and has been 

found to mediate up to 75% of the inhibitory activity and carry a larger charges than 

phasic inhibitory GABAA receptor activity (Rossi, Hamann, & Attwell, 2003; 

Semyanov, Walker, & Kullmann, 2003). Extracellular GABAA receptors are involved 

in controlling the excitability and gain of neurons (Semyanov, Walker, Kullmann, & 

Silver, 2004). In the rat cerebellar granule cells, for example, GABAA receptors 

containing the α6 or δ subunits were seen exclusively in extrasynaptic spaces and 

knockout studies have found them to be crucial in mediating tonic inhibitory activity 

in the cerebellum; the knockout of α6 subunit bearing GABAA receptors in these 

cerebellar granule cells and the accompanying depletion of an inhibitory current 

resulted in an increase in cation (potassium) conductance indicative of an increased 
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excitability of the cells (Brickley, Cull-Candy, & Farrant, 1996; Z. Nusser et al., 1998; 

Rossi & Hamann, 1998).  

 

 GABAA receptors have been of pharmacological significance as the primary 

targets of numerous clinical drugs including benzodiazepines and barbiturates 

(Olsen & Sieghart, 2008; Sigel & Steinmann, 2012). As briefly mentioned in previous 

sections, GABAA receptors contain binding sites for non-competitive, allosteric 

modulation in addition to the primary binding sites for GABA, and competitive 

agonists and antagonists. Bicuculline, for example, was one of the first GABAA 

receptor antagonists identified that binds competitively with GABA at the GABA 

binding site (Möhler & Okada, 1977). Allosteric modulators do not compete with 

GABA binding—they alter the binding affinity of GABA and the frequency and 

duration of GABAA receptor activation. Numerous endogenous and exogenous 

allosteric modulators exist and the major modulators are summarised below. 

 Numerous compounds (enflurane, etomidate, halothane, isoflurane, propofol) 

with binding sites on the GABAA receptor have been used as anaesthetics; these 

compounds enhance GABA-induced currents with physiological effects which 

include sedation and hypnosis, amnesia, and immobility (Rudolph & Antkowiak, 

2004; P. J. Whiting et al., 1995). The β subunit is thought to be involved in the binding 

of these compounds; point mutations induced in the β3 subunit attenuates the 

respiratory depressant and immobilisation effects of etomidate and propofol, but not 

of the hypothermic, cardiac depressant, and sedative effects (Jurd et al., 2002; Zeller, 

Arras, Lazaris, Jurd, & Rudolph, 2005). 
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 Binding of barbiturates, such as pentobarbital, to GABAA receptors prolongs the 

duration the ion channel remains open but has no effect on the frequency of channel 

opening or channel conductance (Thompson, Whiting, & Wafford, 1996). 

 Benzodiazepines are perhaps the most well studied of positive allosteric 

modulators of the GABAA receptor. The binding site for benzodiazepines is located 

at the interface of the extracellular domains of the α1 and γ2 subunits (Figure 2.5, 

A)(Erwin & Benjamin, 2011). In general, benzodiazepine binding leads to an increase 

of GABAergic activity by increasing the frequency of receptor channel opening 

through increasing the affinity of GABA binding. Benzodiazepines have been used 

for numerous neurological conditions which involve hyperexcitability such as 

anxiety and epilepsy, as well as for analgesic, sedative, hypnotic, and anaesthetic uses. 

Early studies of the GABAA receptor—referred to as benzodiazepine receptors—

classified them into two pharmacological types based on the binding affinity of 

benzodiazepines: Type I receptors have high affinity for the compounds CL 218872, 

β-carboline, and zolpidem, all of which displaces benzodiazepine binding; Type II 

receptors show low affinity to these same compounds (Hadingham et al., 1993; 

Wafford, Bain, Whiting, & Kemp, 1993; Wafford, Whiting, & Kemp, 1993). Type I 

receptors were found to contain the α1 subunit in combination with a β and γ2 

subunit, while Type II receptors were found to contain α2, α3, or α5 subunits in 

combination with a β and γ2 subunits (Hadingham et al., 1993; Ruano, Khan, De Blas, 

Machado, & Vitorica, 1994). 

 Through knockout studies, point-mutation studies, and various functional and 

molecular studies in mice and other animal models, different GABAA receptors 

subtypes were found to be involved with the different pharmacological activity of 
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benzodiazepines; the α subunits have been shown to be the primary determinant of 

GABAA receptor pharmacology in regards to benzodiazepine binding. Receptors 

bearing the α1 subunit, but not the α2 or α3 subunits, were found to mediate the 

sedative and anticonvulsive effects of benzodiazepines (Knabl et al., 2008; McKernan 

et al., 2000; Rudolph et al., 1999). Receptors bearing the α2 subunit are involved in 

anxiolytic activity as well as analgesia and muscle relaxant effects (Knabl et al., 2008; 

Rudolph et al., 1999). The α3 subunit is similarly involved in anxiolytic activity as 

well as muscle relaxation and associative learning (Atack et al., 2005; I. Collins et al., 

2002; Dias et al., 2005; Rudolph et al., 1999; Yee et al., 2005). Receptors bearing the α5 

subunit are involved in muscle relaxant activity, as well as the acquisition and 

expression of associative fear memory in the hippocampus with some anxiogenic 

effects (Navarro, Burón, & Martín-López, 2004; Rudolph et al., 1999; Yee et al., 2004). 

 The endogenous cannabinoid, 2-arachidonoyl glycerol has been found to bind to 

the M4 domain of the β2 subunit-bearing GABAA receptors and potentiate 

GABAergic activity (Sigel et al., 2011). 

 Ethanol potentiates GABA-induced currents at the GABAA receptor by increasing 

the frequency and duration of channel opening as well as the frequency of channel 

bursts and burst duration (Tatebayashi, Motomura, & Narahashi, 1998). The effects 

of ethanol through interaction with GABAA receptors is seen in their alteration of the 

effects of other known modulators. For example, the anxiolytic effects of ethanol are 

attenuated by administration of the antagonist picrotoxin and the inverse agonist 

RO15-4513 (Becker & Anton, 1990; Becker & Hale, 1991).  
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 Endogenous occurring neurosteroids including progesterone and 

deoxycorticosterone metabolites have also been found to bind allosterically to the 

GABAA receptor and act as both positive and negative modulators (Belelli & Lambert, 

2005; Belelli, Lan, & Gee, 1990). Binding studies indicate that the binding site for 

endogenous neurosteroids lies on the N-terminal side of the middle of the M2 

transmembrane domain of α subunits (Figure 2.5, A)(Rick, Ye, Finn, & Harrison, 

1998). Knockout studies in mice have also shown that GABAA receptors bearing the 

δ subunit are involved in the action of neurosteroids (Mihalek et al., 1999). 

 Like bicuculline, picrotoxin acts as an antagonist to the receptor, but binds non-

competitively in the ion channel pore to the M2 domain (Figure 2.5, A) and functions 

as a convulsant (Newland & Cull-Candy, 1992). 

 

 The range of pharmacological functions of GABAA receptors is wide despite the 

relative simplicity of receptor anatomy and physiology. This is in part reflected in the 

differential localisation of different GABAA receptor subtypes within the brain. 

Numerous neuroanatomical studies have detailed the regional, cellular, and 

subcellular localisation of GABAA receptor mRNA and proteins in the mammalian 

brain.  

 

 GABAA receptors have an almost ubiquitous presence in the mammalian brain. 

Following the discovery of the receptor, early autoradiographic studies in the human 

brain using a tritiated benzodiazepine compound, [3H]-flunitrazepam, localised high 

densities of GABAA receptors to the cortices, cerebellum, and limbic structures 
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including the hippocampus, amygdala, nucleus accumbens, and mammillary bodies 

(Zezula et al., 1988).  

The many subunits of the GABAA receptor have been to have a heterogeneous 

distribution across the brain, reflecting the distinct receptor subtypes and variations 

in benzodiazpeine pharmacology observed in functional studies.  

Immunohistochemical and in situ hybridisation studies on the adult rat brain have 

found that the most ubiquitous subunit is the α1 subunit, which is found at high 

levels throughout the cerebral cortex, the lenticular nuclei excluding the striatum, the 

hippocampus, the cerebellum, and the mitral cells of the olfactory bulb (Fritschy & 

Möhler, 1995; Laurie, Seeburg, & Wisden, 1992; Marksitzer et al., 1993; Wisden, 

Laurie, Monyer, & Seeburg, 1992). The α2 subunit, in contrast, is found where the α1 

subunit is expressed at low levels, including the striatum and the olfactory bulb 

granule cell layer (Fritschy & Möhler, 1995; Marksitzer et al., 1993; Pirker, Schwarzer, 

Wieselthaler, Sieghart, & Sperk, 2000). The α2 subunit is also expressed at high levels 

in limbic structures including the hippocampus and amygdala, which reflects the 

high density of benzodiazepine binding found in these regions (Fritschy & Möhler, 

1995; Marksitzer et al., 1993; Pirker et al., 2000; Zezula et al., 1988). The α3 subunit is 

found at high levels in the reticular nucleus of the thalamus as well as the substantia 

nigra pars compacta, and various nuclei of the brain stem (Fritschy & Möhler, 1995; 

Pirker et al., 2000). The α4 subunit is highly expressed in the striatum, thalamus, and 

the granule cell layer of the cerebellum, while the α5 subunit is found mainly in the 

hippocampus and striatum (Fritschy & Möhler, 1995; Pirker et al., 2000). The α6 

subunit, on the other hand, is found almost exclusively on cerebellar granule cells 

(Zoltan Nusser, Sieghart, Stephenson, & Somogyi, 1996).  

The β subunits also show a heterogeneous distribution in the rat brain: the β1 subunit 

is found mainly in the brainstem, hippocampus and cerebral cortex; the β2 subunit is 
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found almost ubiquitously in the brain in a pattern that mirrors α1 distribution; and 

the β3 subunit is also widely distributed, showing high expression levels in the 

granule cells of the olfactory bulb and striatum where β2 subunit levels are low, as 

well as in the cerebellum, hippocampus, and cerebral cortex (Chen, Huang, Zeng, 

Sieghart, & Tietz, 1999; Miralles, Li, Mehta, Khan, & De Blas, 1999; Pirker et al., 2000).  

The γ2 subunit is widely distributed in the brain with varying levels of expression, 

the highest of which is in the hippocampus (Fritschy & Möhler, 1995; Pirker et al., 

2000). In contrast, the γ1 is found almost exclusively at high levels in the central 

nucleus of the amygdala, and on cell processes in the globus pallidus and ventral 

pallidum (Pirker et al., 2000; Wisden et al., 1992). Similarly, the γ3 subunit shows very 

limited distribution and low levels of expression across the brain.  

The δ subunit is highly expressed in the granule cells of the cerebellum and can also 

be found in the hippocampus and thalamus (Laurie et al., 1992; Pirker et al., 2000; 

Wisden et al., 1992). Expression of ρ subunits is high in the mammalian retina, but 

can also be found at lower expression levels across various visual pathways in the 

brain including the superior colliculus, lateral geniculate nucleus of the thalamus, 

and the hippocampus (Wegelius et al., 1998). The ρ3 subunit, unlike the ρ1 and ρ2 

subunits, is not highly expressed in the retina, but is found at high levels in the 

hippocampus (Wegelius et al., 1998). In situ hybridisation studies on the rat brain 

have identified ε and θ subunit expression in the locus coeruleus and hypothalamus 

(Sinkkonen, Hanna, Kirkness, & Korpi, 2000). 

As indicated by the evidence above, there is a considerable overlap of subunit 

expression in the brain. Using double- and triple-immunofluorecent labelling of α1, 

α2, α3, α5, β2,3, γ2 and δ subunits, Fritschy and Möhler (1995) identified αlβ2,3γ2 as 

the most prevalent subunit combination in the adult rat brain, often associated with 

either of an α2, α3, or δ subunit to produce a combination of up to four different 
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subunits. Other prevalent subtypes include the α2β2,3γ2, a3β2,3γ2, and α5β2,3γ2 

combinations (Fritschy & Möhler, 1995). 

 

 In addition to the variable localisation of GABAA receptor subunits in the brain, 

there is also variability in their localisation at the cellular level and subcellular level. 

Immunolabelling studies in the rat brain have found that certain subunits and 

subtypes of GABAA receptors are localised to distinct neuronal populations. In the 

basal forebrain, cholinergic neurons express the α3/β3/γ2 subtype while the 

parvalbumin/GABA-positive neurons express α1/β2/γ2 or α1/α3/β2/γ2, though α1 is 

not expressed on marmoset parvalbumin/GABA-positive basal forebrain neurons (B. 

Gao, Hornung, & Fritschy, 1995). In the raphe nuclei, serotonergic cells express the 

α3 subunit but not the α1 subunit while GABAergic cell express both α1 and α3 

subunits (B. Gao, Fritschy, Benke, & Möhler, 1993). In the hippocampus, the α1 

subunit is preferentially expressed on the axon initial segment (AIS) of CA3 neurons 

while the α2 subunit is preferentially expressed on the AIS of neurons in the CA1 and 

CA3 (Y. Gao & Heldt, 2016). In the amygdala, the α2 and α3 subunits are 

preferentially expressed on the AIS of BLNG neurons (Y. Gao & Heldt, 2016). In rat 

cerebellar granule cells, different subtypes mediate tonic and phasic inhibition: the 

α6/β2,3/δ subtype is found almost exclusively in the extrasynaptic spaces while the 

α1/β2,3/γ2, α6/β2,3/γ2, and α1/α6/β2,3/γ2 subtypes are found in the synaptic spaces 

(Z. Nusser et al., 1998).  

 

 The GABAA receptor shows a high level of plasticity in response to various 

physiological and neuropathological conditions. A complex series of processes 

regulates the synthesis, transport, assembly, insertion, re-internalisation, storage, 

recycling, and degradation of GABAA receptor subunits at the postsynaptic 

membrane (Lüscher & Keller, 2004). Changes in these processes can result in changes 
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in the number and configuration of GABAA receptors at any given site of action and 

thus affect neuronal excitability (Lüscher & Keller, 2004). 

In vitro cultures of hippocampal neurons have demonstrated that the subcellular 

localisation of GABAA receptor subunits to apical or basal structures is intrinsic to the 

cell and independent of presynaptic inputs under normal physiological conditions 

(Brünig, Scotti, Sidler, & Fritschy, 2002). However, similar hippocampal cultures 

have shown that the postsynaptic inhibitory buton itself is not stable and fluctuates 

in number and volume over the time course of hours depending on presynaptic input 

(Schuemann, Klawiter, Bonhoeffer, & Wierenga, 2013). In vivo, reduction of 

corticosteroid input into the hippocampus via adrenalectomy in the rat differentially 

altered GABAA receptor subunit expression levels: β2 subunit mRNA levels 

decreased in the dentate gyrus and CA2 while α1 and γ2 subunit mRNA increased 

in the CA3 and α2 subunit mRNA increased in the dentate gyrus (Orchinik, Weiland, 

& McEwen, 1994).  

Changes in exposure to GABAA receptor modulators have been shown to alter 

receptor subunit composition and density in various regions of the brain. Prolonged 

exposure to the anticonvulsant benzodiazepine flurazepam in rats was accompanied 

by a significantly decreased expression of the α1 and β3 subunit in the CA1, CA3, 

and dentate gyrus of the hippocampus as well as layers V and VI of the cortex (Chen 

et al., 1999). Chronic ethanol exposure in adult rats has been shown to decrease α1 

subunit synaptic expression by 34% in the cortex with corresponding increases in 

cytosolic and vesicular α1 subunit expression, suggesting internalisation of the 

receptor as a compensatory mechanism to overexposure (Kumar, Kralic, O'Buckley, 

Grobin, & Morrow, 2003). A decrease in α2 but not α3 subunit mRNA expression is 

also seen in the cortex of rats after prolonged exposure to ethanol (Montpied et al., 

1991).  
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A number of neurological conditions also show changes in GABAA receptor 

expression patterns. Multiple mutations in GABAA receptor subunit genes including 

the α1, β3, γ2 and δ subunits have been implicated in a number of idiopathic epilepsy 

syndromes, suggesting that changes in inhibitory activity following changes in 

GABAA receptor function may play a role in epileptic pathophysiology (Macdonald 

& Kang, 2009; Macdonald, Kang, & Gallagher, 2012). In human temporal lobe 

epilepsy, Loup, Wieser, Yonekawa, Aguzzi, and Fritschy (2000) found, in addition to 

widespread hippocampal cell loss, an increased expression of α2 subunits on the 

perikarya and apical dendrites of hippocampal neurons accompanied by a reduced 

expression on basal dendrites. Similarly, the α3 subunit showed an increased 

expression apical dendrites and reduced perikarya expression. A selective loss of α1 

subunit-positive interneurons is also seen in the CA2 and CA3 regions of the 

hippocampus.  

Patients with panic disorder show decreased benzodiazepine binding in the 

hippocampus, parahippocampus, and orbitofrontal cortex, and a decrease in binding 

is also seen in the temporal lobe of patients with generalized anxiety disorders, 

suggesting the alteration of GABAA receptor-mediated circuitries may underlie 

certain anxiety disorders (Malizia et al., 1998; Tiihonen et al., 1997).  

Changes in GABAA receptor subunit expression has also been documented in 

neurodegenerative disorders as a compensatory mechanism for the pathological 

changes in GABAergic circuitries. In Huntington’s disease, there is a 95% loss of 

GABAergic striatal medium spiny neurons—these neurons project primarily to the 

globus pallidus, which has a corresponding increase in α1, β2,3, and γ2 subunits 

(Allen, Waldvogel, Glass, & Faull, 2009).  
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In summary, the GABAA receptor exhibits a high degree of plasticity and changes in 

receptor configuration or expression levels may act as protective or compensatory 

mechanisms to injury or disease processes. 

 

 

Named after Alois Alzheimer (b. 1864–d. 1915), Alzheimer’s disease (AD) is a 

progressive and ultimately fatal neurodegenerative disease and one of the most 

common causes of senile dementia (Gaugler, James, Johnson, & Weuve, 2017). Over 

90% of incidences are sporadic and late-onset, with symptoms first manifesting 

around the age of 65 while less than 2% of incidences are familial and early-onset. 

The rise in life expectancy has led to the increasing incidence and prevalence of 

Alzheimer’s disease, leading it to become the number one neurological cause of death 

in 2015 (Global Health Observatory, 2015). The prevalence of Alzheimer’s disease in 

New Zealand is estimated at around 1 in 100 persons as of 2016 (Deloitte, 2017). It is 

estimated that by 2050, the prevalence may rise to 1 in 85 persons worldwide 

(Brookmeyer, Johnson, Ziegler-Graham, & Arrighi, 2007).  

The first records of Alzheimer’s disease were made in the early 20th century. In 1906, 

Alois Alzheimer first presented findings from his study of a 51-year-old woman, 

Auguste D., who was admitted to the insane asylum of Frankfurt am Main. The 

patient exhibited the major symptoms of Alzheimer’s disease as we know it today: 

rapid memory loss, language impairment, paranoia, disorientation, and confusion. 

These symptoms progressed until the patient was bedridden and incontinent, 

leading to her eventual death four and a half years after her admittance. Post-mortem 

examination of the patient’s brain revealed profound global atrophy, neuronal cell 

loss, gliosis, and extra- and intracellular deposits of what we now know as amyloid 
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plaques and neurofibrillary tangles, respectively (Alzheimer, 1907; Alzheimer, 

Stelzmann, Schnitzlein, & Murtagh, 1995). 

Though AD is primarily known as a disease which affects cognition, neuropsychiatric 

symptoms also present early in the disease in up to 97% of AD cases (Steinberg et al., 

2008). Neuropsychiatric symptoms have been recognised as a source of stress and 

burden for caretakers of AD patients (Allegri et al., 2006). 

The most common neuropsychiatric symptoms to arise in AD are anxiety and 

depression, all of which are commonly seen in early AD and in mild cognitive 

impairment (MCI) (Masters, Morris, & Roe, 2015; Steinberg et al., 2008). Delusions, 

hallucinations, and agitation/aggression are commonly seen in later AD, while 

apathy is persistently seen in all stages of AD (Masters et al., 2015; Steinberg et al., 

2008). These neuropsychiatric changes have  

 

 

 At macroscopic levels, the end stages of Alzheimer’s disease presents with 

profound cortical thinning and severe atrophy of limbic memory structures centred 

around the hippocampus and entorhinal cortex (Dickerson et al., 2009; Du et al., 2004; 

Du et al., 2007). Atrophy in the hippocampus and cortex is detectable in pre-clinical 

stages of the disease and correlates with cognitive deficits (Dickerson et al., 2009). At 

the end stages of the disease, there is global atrophy of the brain and an enlargement 

of the lateral ventricles (H. Braak & Braak, 1995).  
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 Alzheimer’s disease presents with two hallmark microscopic lesions: amyloid 

plaques and tau lesions, typically accompanied by microglial activation and 

astrogliosis (Beach, Walker, & McGeer, 1989; Itagaki, McGeer, Akiyama, Zhu, & 

Selkoe, 1989; Rogers, Luber-Narod, Styren, & Civin, 1988). Amyloid plaques, or senile 

plaques, are abnormal extracellular aggregations of amyloid-beta (Aβ) protein, a 

product of the successive cleavage of the membrane-bound amyloid precursor 

protein (APP) by β-secretase and γ-secretase). Neuritic plaques (NPs) are AD-

associated amyloid plaques with a dense core and surrounded by dystrophic 

neuronal processes, reactive astrocytes, and activated microglia (Sheng, Mrak, & 

Griffin, 1997). Diffuse plaques are amorphous amyloid plaques not considered 

pathogenic due to their abundant presence in non-diseased elderly brains (Sheng et 

al., 1997). Tau lesions are intracellular aggregations of hyperphosphorylated tau, a 

microtubule-associated protein involved in protein transport; in the early stages they 

appear diffuse and are known as pretangles, within the perikarya they are known as 

neurofibrillary tangles (NFTs), within axons and dendrites they are known as 

neuropil threads (NT), and they are also found in the dystrophic neuronal processes 

of NPs (Bancher et al., 1989; E. Braak, Braak, & Mandelkow, 1994; H. Braak, Braak, 

Grundke-Iqbal, & Iqbal, 1986). 

The early stages of the disease sees the appearance of tau lesions confined to the 

medial temporal structures that are involved in encoding and consolidation of 

memory (H. Braak & Braak, 1991, 1995; Jahn, 2013). By examining the spatial 

development of tau lesions in Alzheimer’s disease brains, H. Braak and Braak (1991) 

established six stages of Alzheimer’s disease progression: stage I consists of tau 

deposition in the transentorhinal region; stage II involves lesions in the entorhinal 

and hippocampal regions; stages III-IV involve lesions developing across the limbic 

regions and temporal and insular cortices; stages V-VI sees lesions develop across the 
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entire brain and into the association sensory regions of the occipital, frontal, and 

parietal cortices and striate regions (H. Braak & Braak, 1991, 1995).  

Unlike tau lesions, amyloid plaque deposition is considerably more variable between 

individuals and there is no clear correlation between plaque load and symptoms (H. 

Braak & Braak, 1991).  

 

 

 The amygdala, a medial temporal limbic structure involved in emotional learning 

and memory, is affected early in the progression of Alzheimer’s disease where NFTs 

and NTs can be seen as early as stage II (H. Braak & Braak, 1991). The 

histopathological markers of AD—NFTs and NPs—show a topographical 

distribution in the amygdala: they are seen abundantly in the cortical nuclei, the 

basomedial nucleus, and the ventral regions of the basolateral nucleus while the 

medial nucleus, lateral nucleus, and dorsal regions of the basolateral nucleus are 

relatively spared (Brady & Mufson, 1990; Brashear, Godec, & Carlsen, 1988; Kromer 

Vogt, Hyman, Van Hoesen, & Damasio, 1990; Unger, Lapham, McNeill, Eskin, & 

Hamill, 1991). Early histopathological studies found that though the normal 

amygdala does undergo age-related changes, the amygdala in AD show a marked 

decrease in volume and cell packing density, particularly in the centromedial and 

cortical nuclei (Herzog & Kemper, 1980). Later studies indicate severe neuronal 

shrinkage and neuronal loss in the basolateral nuclear group, with up to 35% 

neuronal loss in the lateral nucleus and 70% neuronal loss in the basomedial nucleus 

(Vereecken, Vogels, & Nieuwenhuys, 1994).  

More recent magnetic resonance imaging (MRI) studies on amygdala atrophy have 

corroborated the volumetric reductions observed in post-mortem histopathological 

studies (Cavedo et al., 2011; Cherubini et al., 2010; Cuénod, Denys, Michot, & et al., 
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1993; Horinek, Varjassyova, & Hort, 2007). In pre-clinical stages of AD, volume 

reduction in the amygdala is comparable to that of the hippocampus (Fox et al., 1996; 

Golebiowski, Barcikowska, & Pfeffer, 1999; Heun et al., 1997; Poulin, Dautoff, Morris, 

Barrett, & Dickerson, 2011). Given the progressive degeneration of the amygdala and 

the pattern of pathological marker expression, it has been postulated that changes in 

the amygdala may parallel degeneration of the hippocampus based on their 

connectivity; the ventrally located parvicellular basolateral nucleus and basomedial 

nucleus form robust and reciprocal connections with the hippocampus and these are 

the regions that show profound degeneration in AD (Kromer Vogt et al., 1990; Unger 

et al., 1991). Interestingly, though the paralaminar nucleus is also one of the main 

amygdala targets of hippocampal efferents, it is largely devoid of AD-related 

pathology (Unger et al., 1991). In contrast, while ventral cholinergic structures show 

profound degeneration in AD, amygdala regions receiving cholinergic innervation 

as marked by AChE expression, such as the magnocellular subregion of the 

basolateral nucleus and the lateral nucleus, have significantly fewer NPs and NFTs 

despite evidence to suggest that cholinergic innervation to these regions may also be 

lost (Brashear et al., 1988; Kromer Vogt et al., 1990; Perry et al., 1981; Shinotoh et al., 

2003; Unger & Lange, 1992).  

 

 The functional involvement of the amygdala in AD is seen largely in 

neuropsychiatric symptom profiles. The amygdala is involved in consolidating 

emotional memories and detecting emotional salience such as in the recognition of 

facial expressions (LaBar, Crupain, Voyvodic, & McCarthy, 2003; Rotshtein et al., 

2010). While a number of studies have found that amygdala volume is not 

significantly correlated with cognitive performance in the early and mild stages of 

AD, there is evidence for significant correlations of memory and neuropsychological 

performance with normalised amygdala volume. (Basso et al., 2006; Etsuro Mori et 
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al., 1999; Kensinger, Brierley, Medford, Growdon, & Corkin, 2002; Laakso et al., 1995; 

Poulin et al., 2011). Increased amygdala activity in mild AD compared to elderly 

controls is correlated with the severity of irritability and agitation (Wright et al., 2007). 

The amygdala has been found to show significantly increased activity in response to 

both neutral and fearful faces in mild AD compared to elderly controls (Wright et al., 

2007). However, recognition of happy, sad, fearful, and neutral faces is diminished 

in mild AD along with an increased inability to differentiate between happy and sad 

faces (Kohler et al., 2005). Similarly, memory for negative graphical or textual stimuli 

is impaired in AD though there is also evidence for better recall of negative words in 

AD compared to positive or neutral words (Fleming, Kim, Doo, Maguire, & Potkin, 

2003; Hamann, Monarch, & Goldstein, 2000; Kensinger et al., 2002). The combined 

effect of hyperactivity with dysfunction is attributed in part to degeneration of the 

amygdala and an altered ability to recognise the emotional salience of stimuli 

(Kensinger et al., 2002). 

 

 The amygdala is a heterogeneous group of highly interconnected nuclei that form 

extensive connections with multiple regions of the brain, and its involvement has 

been implicated in a variety of normal and pathological functions. GABAergic 

neurotransmission in the amygdala provides tight inhibitory control over its activity. 

Previous studies in the human amygdala have demonstrated that the GABAA 

receptor population in the amygdala may be heterogeneous in distribution between 

the major nuclei of the amygdala where the lateral nucleus expresses the greatest 

density of receptor (Niehoff & Whitehouse, 1983; Stefanits et al., 2018; Zezula et al., 

1988). However, there is a lack of data on the subregional and cellular expression of 

GABAA receptor in the human amygdala. Moreover, there is indication that GABAA 

receptors subunits undergo selective changes within various regions of the brain 

including the hippocampus and cortex (Limon, Reyes-Ruiz, & Miledi, 2012; 
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Mizukami, Grayson, Ikonomovic, Sheffield, & Armstrong, 1998; Mizukami et al., 

1997; Mizukami, Ikonomovic, Grayson, Sheffield, & Armstrong, 1998). It remains 

unknown whether such changes in GABAA receptor population also take place in the 

Alzheimer’s disease amygdala. 

Using post-mortem formalin-fixed human brain tissue sourced from the 

Neurological Foundation of New Zealand Human Brain Bank, the research in this 

thesis will: 

(1) Investigate the detailed regional and subregional expression of five major 

GABAA receptor subunits—α1, α2, α3, β2,3, γ2—in the human amygdala. 

(Chapter 4) 

(2) Investigate the detailed cellular expression of five major GABAA receptor 

subunits α1, α2, α3, β2,3, and γ2 within the human amygdala. (Chapter 5) 

(3) Investigate the regional and subregional changes in expression of five major 

GABAA receptor subunits in the intermediate- to late-stage Alzheimer’s 

disease amygdala. (Chapter 6) 
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GABAA receptor subunits in the amygdala were localised in post-mortem human 

brain tissue using immunohistochemical procedures. This chapter describes the 

general methods used in this thesis. Subsequent chapters refer back to this chapter. 

Each subsequent chapter will contain a Methods Overview section with more specific 

methods that apply to the contents of that chapter. 

 

 

The human brain tissue used in this study was sourced from the Neurological 

Foundation of New Zealand Human Brain Bank housed in the Centre for Brain 

Research at the Grafton Campus of The University of Auckland, Auckland, New 

Zealand. The brain tissue is acquired through an established donor programme with 

the full consent of donors and their families. The use of human brain tissue was 

approved by The University of Auckland Human Subject Ethics Committee (Ref: 

011654). 

 

After a brain has been collected from autopsy and delivered fresh to the Human 

Brain Bank, it undergoes a series of procedures for formalin fixation and storage as 
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detailed in Waldvogel, Curtis, Baer, Rees, and Faull (2006) and which will be outlined 

below. 

Under most circumstances, the hemispheres are divided for fixed-frozen and fresh-

frozen use: one hemisphere (usually the right hemisphere) is formalin fixed for 

histochemical procedures; one hemisphere (usually the left hemisphere) is stored 

frozen fresh for biochemical and biomolecular procedures. 

First, the brain is weighed and the remaining cerebral spinal fluid in the lateral 

ventricles is collected. The brain stem and cerebellum are removed and the 

hemispheres are separated by a sagittal cut through the middle of the corpus 

callosum.  

The hemisphere that is to be kept fresh and unfixed is dissected into blocks of ~2 cm3 

according to anatomical regions, snap-frozen with powdered frozen CO2, labelled by 

case number and region, wrapped in aluminium foil, and stored at -80°C until use. 

The other hemisphere undergoes formalin fixation via perfusion through the internal 

carotid arteries and basilar or vertebral arteries. It is first flushed with a pH 7.4 0.1M 

phosphate (PO4) buffered solution containing 1% sodium nitrite for 10-15 minutes to 

clear the residual blood and permeate the blood vessels for formalin infiltration. The 

hemisphere is then suspended in cloth to preserve its natural curvature and perfused 

with a 15% neutral buffered formalin solution for 30-45 minutes then left immersed 

in the same buffered formalin solution for 24 hours.  

The formalin fixed hemisphere is then dissected into blocks of ~2 cm3 based on 

anatomical regions, with additional smaller blocks taken for paraffin fixation and 
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pathological examination by a clinical pathologist. Brain blocks are then immersed in 

fresh 15% neutral buffered formalin for a further 24 hours.  

After formalin immersion, the brain blocks begin cryoprotection by immersion in a 

20% sucrose solution for one week or until the floating blocks equalise and sink. The 

brain blocks are then transferred to a 30% sucrose solution for a further three weeks 

or until they sink. After cryoprotection, the brain blocks are then snap-frozen using 

powdered frozen CO2, labelled by case number and region, wrapped in aluminium 

foil, and stored at -80°C until use. 

 

For this study, a total of fourteen control cases and seven Alzheimer’s disease 

cases were used (listed in Table 3.1 and Table 3.2). Tissue from control cases were 

analysed post-mortem by an independent pathologist and, with any available clinical 

history, classified as neurologically normal. Alzheimer’s disease cases (AZ101 and 

AZ102 only) were analysed post-mortem in a similar manner, employing the 

National Institute on Aging–Alzheimer’s Association ABC scoring system (for AZ101 

and AZ102) as described by Hyman et al. (2012) to grade (A) the amyloid plaque score, 

(B) the neurofibrillary tangle score (Braak stage), and (C) the neuritic plaque score 

(CERAD; Consortium to Establish a Registry for Alzheimer's Disease). For cases 

received prior to the independent pathologist’s employment of the ABC scoring 

system, each pathological score has been given singularly for the Braak stage, ARPS 

(age-related plaque score) and CERAD. 
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The primary technique used to visualise GABAA receptor subunit protein 

expression was free-floating immunohistochemistry. The technique utilises the 

specific binding of monoclonal and polyclonal primary antibodies to a unique 

peptide sequence of a protein of interest in fixed brain tissue sections. This initial 

binding of the antibody to the antigen can subsequently be amplified for visual 

detection and, in this study, tissue sections were sometimes counterstained with 

histochemical stains for anatomical reference (Section 3.4.5).  

 

To evaluate the specificity of binding of antibodies directed against GABAA 

receptor subunits in the amygdala, the primary antibodies directed against the 

GABAA receptor α1, α2, α3, β2,3, and γ2 subunits (Table 3.3) were tested by western 

blotting using tissue lysates whereby the protein content of cells were separated by 

weight using the SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis) method. Specificity was determined depending on the weight of 

protein band the antibody was found to bind to.  

For immunofluorescent double- and triple-labelling of GABAA receptor subunits, 

GABAA receptor antibodies from different host species were required to successfully 

co-label subunits within the same tissue section. For the α1 subunit, a monoclonal 

rabbit anti-GABAA receptor α1 subunit antibody was obtained from Abcam (1:500, 

clone EPR5401(2), cat# ab151573; Table 3.3, Table 3.5) to co-label with the monoclonal 

mouse anti-β2,3 antibody in place of the monoclonal mouse anti-α1 antibody (clone 

bd14). For the γ2 subunit, a polyclonal rabbit anti- anti-GABAA receptor γ2 subunit 

antibody was obtained from Synaptic Systems (cat# 224003; Table 3.3, Table 3.5). For 

the polyclonal rabbit γ2 antibody, pre-absorption staining was carried out using the 

blocking peptide provided by the supplier (Synaptic Systems, cat# 224-0P; Figure 3.1, 
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C). This could not be conducted with the monoclonal rabbit α1 antibody as the 

synthetic peptide sequence is proprietary. 

 

Tissue samples were dissected from the amygdala of the left hemisphere from 

two frozen unfixed neurologically normal human brains (H189 and H204) sourced 

from the Neurological Foundation Human Brain Bank. Homogenates from the left 

hemisphere motor cortex (M. ctx) of case H111 and left hemisphere caudate nucleus 

(CN) of case H200 were used as control regions. 

The brain tissue (~0.1g per case) was collected individually into 1.5 mL screw-top 

microtubes for homogenisation. To each sample, 1 mL of ice cold homogenisation 

buffer was added, followed by homogenisation beads at an approximate ratio of 2:4:1 

of tissue:buffer:beads. The tissue samples were then homogenised at 4°C for 4 

minutes using the CapEx Bullet Blender Blue blender set at 8. The homogenised 

samples were subsequently left on ice for one hour before being spun down at 14,000 

rpm for 10 minutes at 4°C. The supernatant was collected in aliquots and frozen 

at -80°C for storage.  

 

The protein concentration for each tissue sample homogenate was determined 

using the Bio-Rad DC protein assay, which involves the comparison of a sample of 

unknown concentration (the homogenised protein sample) against a standard curve 

constructed from known concentrations of bovine serum albumin (BSA). 

In brief, a solution of 3.0 μg/μL of BSA was diluted out serially in homogenisation 

buffer and prepared to the following concentrations: 3.0, 1.5, 1.0, 0.75, 0.5, 0.4, 0.3, 0.2, 

0.1, 0, 0, and 0 μg/μL. The BSA preparations were pipetted out in duplicates of 5 μL 
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onto a 96 well plate along with blanks using homogenisation buffer. The 

homogenised protein sample was then diluted out to three concentrations (1:5, 1:10, 

and 1:20) and pipetted on to the plate in 5 μL triplicates. 

For spectrophotometry, 3 mL of Reagent A was mixed with 60 μL of Reagent S, and 

25 μL of the final Reagent A/S was added to each well along with 200 μL of Reagent 

B. The samples were incubated at room temperature for 15 minutes then read in a 

spectrophotometric plate reader. Softmax Pro v5.0.1 was used to determine the 

protein concentration of each protein sample using a standard curve constructed 

from the BSA preparations. The final protein concentration for each protein sample 

was determined as the mean of the triplicates of all three dilutions. 

 

Electrophoretic separation of protein samples was carried out using precast 

NuPAGE Novex 4-12% Bis-Tris 15-well gels (Invitrogen) in X Cell Surelock Minicell 

units (Invitrogen), set up to manufacturer’s standards. The gel cassettes were locked 

into the unit facing an inner core, which was subsequently filled with MOPS SDS 

running buffer and 500 μL of NuPAGE antioxidant. 

The protein samples were placed on ice and a 20 μL running solution for 

electrophoresis was prepared as follows, per well: 2 μg/μL of protein in 10 μL of 2x 

Laemmli Sample Buffer (Sigma) and milli-Q H2O. The protein solutions were 

denatured at 95°C for 5 minutes on a heating block before being pipetted into the 

wells of the gel. 5 μL/well of SeeBlue Plus2 protein standard was added to separate 

wells to visually monitor the electrophoresis. 5 μL of MagicMark XP Western Protein 

Standard was added for identification of molecular weight bands with 

chemiluminescent visualisation. The samples were then run at 200V for 50-12 minutes, 

until the visible bands at the desired protein weights achieved suitable separation.  
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Blotting of the gel was carried out in the same unit using the X Cell II Blot Module 

CE Mark (Invitrogen). The transfer buffer was made up from 20X stock and chilled to 

4°C with 500 μL NuPAGE antioxidant added per 500 mL of buffer. Blotting was 

achieved using PVDF (polyvinylidene difluoride) membranes which were activated 

by incubating in methanol for 30 seconds and left in milli-Q water prior to use. The 

gel was removed from its cassette and placed on the PVDF membrane. One sheet of 

filter paper pre-soaked with transfer buffer was placed on each side of this construct 

and all this was sandwiched between pre-soaked blotting pads. The entire construct 

was then placed into the blot module, with the PVDF membrane on the side of the 

anode (+) lid, and the gel on the side of the cathode (-) body, for a tight fit. The blot 

module was then filled with transfer buffer. Ice and water was added outside the 

module in the unit, and the module was run at 30V for 90–120 minutes. 

 The blotted membranes were subsequently rinsed with a tris-buffered saline 

solution containing 0.1% Tween-20 (TBS-Tween) and blocked in 5% non-fat milk 

powder diluted in TBS-Tween for one hour at room temperature. Primary antibodies 

(Table 3.3) for chemiluminescent immunoblotting were diluted in 1% non-fat milk 

powder in TBS-Tween solution and incubated with the blots for 12–24 hours at 4°C. 

The blots were then washed in TBS-Tween for 3 × 10  minutes and incubated with 

HRP-conjugated secondary antibodies (Table 3.4) diluted in 1% non-fat milk powder 

TBS-Tween solution at room temperature for 2 -5 hours.  

The HRP-conjugated secondary antibody (Table 3.4) was rinsed off with 3 × 10 minute 

TBS-Tween washes and the blots were incubated with Pierce ECL Plus Western 

Blotting Substrate (ThermoScientific, 32132) for 1–2 minutes. The excess substrate was 
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then dripped off and the blots were imaged using the Chemidoc MP imaging system 

(Bio-Rad).  

 The blotted membranes were rinsed in TBS-T and blocked with 50% Odyssey 

Blocking Buffer diluted in TBS-Tween in the dark for one hour at room temperature. 

Primary antibodies (Table 3.3) for fluorescent immunoblotting were diluted in TBS-

Tween solution and incubated with the blots for 12–24 hours at 4°C. The blots were 

then washed in TBS-Tween for 3 × 10 minutes and incubated with HRP-conjugated 

or fluorophore-conjugated secondary antibodies diluted in 10% Odyssey Blocking 

Buffer in TBS-Tween solution at room temperature for 2 -5 hours. The secondary 

antibody (Table 3.4) was rinsed off with 3 × 10 minute TBS-Tween washes and the 

blots were imaged using the Chemidoc MP imaging system (Bio-Rad).  

Imaged blots for both visualisation processes were exported from the capture 

software in TIFF format and analyses of blots were performed in ImageJ. Cropping, 

re-sizing, and linear adjustments of blots for figures was performed using Adobe® 

Photoshop® CS6 software. 

 

Pre-absorption tests to block antibody affinity were conducted with the 

polyclonal rabbit γ2 antibody (Synaptic Systems, cat #224003) using the control 

peptides synthesized by the supplier for the antibody (Synaptic Systems, cat #224-0P). 

The antibody was incubated with the control peptide in excess at room temperature 

for 1 hour before it is used in a standard immunohistochemical procedure as 

described in Section 3.4.2 alongside experiment sections stained using unblocked 

aliquots of the antibody (Table 3.5). 
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The primary antibodies used to study the GABAA receptor subunit labelling on 

cells in the human amygdala are summarized in Table 3.3. Their specificities are as 

follows: 

The monoclonal mouse antibody bd24 (kindly donated by J.-M. Fritschy and H. 

Möhler, University of Zurich, Switzerland) was produced in mice immunized with 

GABAA receptors purified from the bovine cerebral cortex. It is directed against an 

extracellular epitope of α1 subunit. bd24 has previously been characterised with 

western blotting where it detects a protein band at 50 kDa (Schoch et al., 1985). On 

immunoblots run with human amygdala homogenates, bd24 detected a band at 52 

kDa (Figure 3.1, A). The tissue immunostaining observed for this antibody 

corresponds to the patterns previously reported in post-mortem human brain tissue 

(Allen et al., 2009; Houser, Olsen, Richards, & Möhler, 1988; Loup et al., 1998; 

Waldvogel, Kubota, Fritschy, Möhler, & Faull, 1999). A second band was detected at 

approximately 45 kDa, which may be from fragmentation during protein extraction 

or from changes in phosphorylation states. 

 The monoclonal rabbit α1 antibody (Abcam, cat# ab151573) is directed against a 

synthetic peptide of 9 amino acids within the amino acid residues 20–45 of the human 

GABAA receptor α1 subunit protein. In immunoblotting, the Rα1 antibody detected 

an intense protein band at 52 kDa in human amygdala and motor cortex homogenates 

(Figure 3.1, B). A faint band at 52 kDa was detected in caudate nucleus homogenate. 

A secondary band was detected on the immunoblots run with human amygdala 

homogenate at ~45 kDa, which may be due to fragmentation or changes in 

phosphorylation states. The tissue staining pattern obtained was identical to that of 

the bd24 antibody. 
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 The polyclonal guinea pig α2 antibody (kindly donated by J.-M. Fritschy and H. 

Möhler, University of Zurich, Switzerland) was made in guinea pigs immunised with 

a synthetic peptide of residues 1–9 from the extracellular domain of the GABAA 

receptor α2 subunit. The GPα2 antibody has previously been characterised by 

western blotting where it detects a protein band at the appropriate weight (Kralic, 

Korpi, O'Buckley, Homanics, & Morrow, 2002). On immunoblots run with human 

amygdala homogenate, the GPα2 antibody detected a protein band at 51 kDa (Figure 

3.1, A). 

 The polyclonal rabbit α3 antibody (Alomone, cat# AGA-003) was made in rabbits 

immunised with a synthetic peptide corresponding to extracellular residues 29–43 of 

the human GABAA receptor. The Rα3 antibody has been characterised with western 

blotting by the manufacturer and detects a strong protein band at 59 kDa. On 

immunoblots run with human amygdala homogenate, the Rα3 antibody detected an 

intense protein band at 55 kDa, a faint band at 59 kDa, and lighter bands towards 50 

kDa (Figure 3.1, A). This pattern of immunoblotting is consistent with the polyclonal 

nature of the antibody. The staining pattern obtained with the antibody corresponds 

with previous reports on α3 subunit expression in the post-mortem human brain 

(Stefanits et al., 2018). 

 The monoclonal mouse bd17 antibody (kindly donated by J.-M. Fritschy and H. 

Möhler, University of Zurich, Switzerland) is directed against the β2,3 subunits of the 

GABAA receptor. The antibody was produced in mice immunized with GABAA 

receptors purified from the bovine cerebral cortex. Previous studies have 

characterised the specificity of this antibody with western blotting and produced a 
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band at 55 kDa in bovine and human cerebral cortex homogenates (Schoch et al., 1985). 

On immunoblots run with human amygdala homogenate, a series of bands was 

detected between 55–50 kDa (Figure 3.1, A), which reflects the numerous isoforms of 

the β3 subunits that have been identified in the brain. This also indicates that the β3 

subunit may be more prevalent in the amygdala compared to the β2 subunit. 

 The polyclonal guinea pig γ2 antibody (kindly donated by J.-M. Fritschy and H. 

Möhler, University of Zurich, Switzerland) was made in guinea pigs immunised with 

a synthetic peptide corresponding to extracellular residues 1–29 of the human GABAA 

receptor. The GPγ2 antibody has previous been characterised in western blotting and 

detects a strong protein band at 55 kDa (Benke, Fritschy, Trzeciak, Bannwarth, & 

Möhler, 1994; Fritschy & Möhler, 1995; B. Gao et al., 1993).  

 The polyclonal rabbit γ2 antibody (Synaptic Systems, cat# 224003) is directed 

against a synthetic peptide corresponding to amino acid residues 39–67 of the GABAA 

receptor γ2 subunit protein. The Rγ2 antibody showed multiple bands on the 

immunoblot between 50kDa and 59kDa for the amygdala, caudate nucleus, and 

motor cortex (Figure 3.1, C). The three major bands—59kDa, 55kDa, and 54kDa—

correspond with the known splice variants of the γ2 subunit: the γ2XL (extra long),  

the γ2L (long), and the γ2S (short) (Jin et al., 2004; Kofuji, Wang Jia, Moss Stephen, 

Huganir Richard, & Burt David, 1991; P. Whiting, McKernan, & Iversen, 1990). In pre-

absorption tests, immunoreactivity was abolished in tissue sections run with the pre-

absorbed antibody (Figure 3.1, D). 
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Perfusion-fixed brain blocks containing amygdala were taken from -80°C storage 

and cut coronally on a freezing stage microtome at a thickness of 50 µm. All collected 

sections were stored in a phosphate buffered solution containing 0.1% sodium azide 

(PBS-Azide) in 48-well plates at 4°C until use. 

 

The tissue used in this study has been, as described in Section 3.2.2, formalin-

fixed prior to experimental treatment. Whilst formalin fixation prevents tissue 

degradation and preserves structure and morphologies, the hydroxymethyl cross-

links that are formed between proteins sometimes mask the antigen, thus preventing 

the binding of antibodies. This decrease in “immunoreactivity” can be rectified by 

using antigen retrieval techniques to expose the antigen to antibody binding prior to 

immunohistochemical procedures. Antibodies that required antigen retrieval are 

indicated in Tables 3.3–3.8.  

Two retrieval techniques were utilised for antibodies that required them: A) mild 

acid-based retrieval with microwave oven heating, or B) strong acid-based retrieval. 

The procedures were as follows: 

A) Mild acid-based retrieval with heat in a 1000W microwave oven: 

1. Sections selected from storage and incubated 12–24 hours at 4°C in a PBS 

solution containing 0.2% Triton X-100 (PBS-Triton). 

2. 1 hour incubation in pH 4.6 sodium citrate buffer at room temperature. 

3. Sections microwaved for 30 seconds in fresh citrate buffer (6-well plates, 10 

mL buffer in every well; 24 seconds for 12-well plates, 4 mL of buffer in 

every well). 



69 

4. 30 minutes cooling. 

B) Strong acid-based retrieval (for detecting ADs-related pathological markers): 

1. Sections selected from storage and incubated 12–24 hours at 4°C in PBS-

Triton. 

2. 2 × 10 minute 99% formic acid incubation. 

3. 2 x de-ionised water washes. 

4. 1 x 30 minute PBS-Triton wash. 

 

To label a single protein of interest in a tissue section for visualisation under 

brightfield light microscopy, the avidin-biotin complex (ABC) method of 

immunohistochemical (IHC) detection was used. For labelling multiple proteins of 

interest in a tissue section, Alexa Fluor® conjugated fluorescent secondary antibodies 

of different wavelength emissions were used in immunofluorescence procedures (IF, 

detailed in section 3.4.4) for detection under widefield fluorescent and confocal laser 

scanning microscopy (CLSM). 

The ABC complex method used for single-labelling a protein of interest was paired 

with a peroxidase-based visualisation technique. After incubation with the primary 

antibody, tissue sections were incubated with a biotinylated secondary antibody, and 

then with an avidin-conjugated horseradish peroxidase (HRP) tertiary antibody to 

allow the avidin-biotin complex to form. Finally, the addition of a colourless substrate 

for peroxidase, 3,3-diaminobenzidine (DAB), produced a visible brown product at 

the location of the protein of interest for microscopic visualisation. All antibodies 

were diluted in an immunobuffer consisting of 1% goat or donkey serum in PBS with 

0.2% Triton-X100 and 0.4% Thimerosol (Sigma Aldrich, USA) to match the host 

species of the secondary antibody used (Tables 3.9 and 3.10). The detailed procedure 
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was as follows (the procedures took place at room temperature unless otherwise 

specified): 

1. Sections selected from storage and incubated 12–24 hours at 4°C in PBS-Triton. 

2. Antigen retrieval, if required (see section 3.3.2). 

3. 1 x 15 minute PBS-Triton washes. 

4. 1 x 20 minute incubation in a 1% peroxide solution with 50% methanol to block 

for endogenous peroxidases. 

5. 3 × 10 minute PBS-Triton washes.  

6. 48–72 hour incubation with primary antibody diluted in immunobuffer at 4°C. 

7. 3 × 10 minute PBS-Triton washes. 

8. 12–24 hour incubation with secondary antibody diluted in immunobuffer. 

9. 3 × 10 minute PBS-Triton washes. 

10. 4 hour incubation with tertiary antibody diluted in immunobuffer. 

11. 3 × 10 minute PBS-Triton washes. 

12. 1 x 20 minute incubation in a DAB solution with pH 7.4 0.1M PO4 solution 

containing 0.01% peroxide to activate the DAB. 

13. 3 × 10 minute PBS-Triton washes. 

14. Sections mounted onto untreated glass slides with a 0.1% gelatine solution. 

To rid the tissue of excess water and lipids for clarity during brightfield light 

microscopy, mounted sections were then taken through a dehydration series 

containing increasing concentrations of ethanol and clarified in xylene before 

coverslipping and microscope imaging. If histological counterstaining was 

undertaken (see section 3.4.5), the procedure was undertaken before dehydration. 

The dehydration procedure was as follows: 
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1. 5 minutes de-ionised water. 

2. 5 minutes 75% ethanol. 

3. 5 minutes 85% ethanol. 

4. 5 minutes 95% ethanol. 

5. 3 × 10 minute 100% ethanol. 

6. 3 x 20 minute xylene. 

7. Coverslip using DPX Mountant (Sigma-Aldrich). 

 

In contrast to immunoperoxidase staining, immunofluorescent staining utilised 

multiple fluorophore-conjugated secondary antibodies for the detection of multiple 

proteins of interest in a single tissue section using fluorescent light microscopy. The 

staining procedure, however, was similar and was as follows (the procedure took 

place at room temperature unless otherwise specified): 

1. Sections selected from storage and incubated 12–24 hours at 4°C in PBS-Triton. 

2. Antigen retrieval, if required. 

3. 3 × 10 minute PBS-Triton washes. 

4. 48–72 hour incubation with primary antibodies diluted in immunobuffer at 

4°C. 

5. 3 × 10 minute PBS-Triton washes. 

6. 12–24 hour dark incubation with secondary antibodies diluted in 

immunobuffer. 

7. 3 × 10 minute PBS-Triton washes. 

8. Fluorescent counterstaining with Hoechst 33342 or TO-PRO®-3 dyes (Section 

3.4.5.2) and 3 × 10 minute PBS washes, if required. 

9. Mounting in PBS solution and coverslipped with #1.5 coverslips and ProLong® 

Gold Antifade mountant (Invitrogen). 

10. 12–24 hour curing and then varnish sealed for imaging. 
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Up to four different primary and secondary antibody combinations were used in a 

single staining combination, including histological counterstains. The fluorophores 

were chosen to coincide with the lasers available on the confocal laser scanning 

microscope systems used as well as for optimal signal detection (see Section 3.5.2). 

The available laser excitation wavelengths used were 405 nm, 488 nm, 561 nm and 

633 nm. 

Fluorophores, Alexa Fluor® in this specific study, are excitable by a specific 

wavelength of light and will then emit at a longer wavelength, which is detectable 

with fluorescence microscopy. The Alexa Fluor®s used were Alexa Fluor® 405 (or 

DyLight 405), Alexa Fluor® 488, Alexa Fluor® 594 and Alexa Fluor® 647, where the 

numbers indicate their peak excitation wavelength in nanometres (see Table 3.10 for 

more details). This selection ensures a sufficiently large wavelength gap between each 

excitation along the spectrum, preventing overlapping of signals (“bleed-through“) 

when detecting spectrum-adjacent fluorophores. Whenever possible, Alexa Fluor®s 

from the lower wavelength spectrum were used for greater resolution, with Alexa 

Fluor® 488 and Alexa Fluor® 594 being the preferred combination to use in addition 

to a nuclear counterstain (see Section 3.4.5.2) 
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In order to detect all cells under brightfield light microscopy, tissues sections 

underwent staining or counterstaining with a cresyl violet solution for Nissl 

substance. This staining was used primarily for delineating the subregions of the 

human amygdala. The staining procedure is as follows: 

STEP 1: Dehydration 

1. 5 minutes de-ionised water. 

2. 5 minutes 75% ethanol. 

3. 5 minutes 85% ethanol. 

4. 5 minutes 95% ethanol. 

5. 3 × 10 minutes 100% ethanol. 

6. 3 x 20 minute xylene. 

STEP 2: Rehydration 

7. 3 × 10  minutes 100% ethanol. 

8. 5 minutes 95% ethanol. 

9. 5 minutes 85% ethanol. 

10. 5 minutes 75% ethanol. 

11. 5 minutes de-ionised water. 

STEP 3: Cresyl violet staining 

12. 20 minutes cresylecht violet solution. 

13. 1 minute agitation in de-ionised water. 

STEP 4: Differentiation and rehydration 

14. 1 minute 75% ethanol. 

15. 2 minutes 85% ethanol. 

16. 2 minutes 95% ethanol. 

17. 2 × 10 minutes 100% ethanol. 

18. 3 x 20 minutes xylene. 

19. Coverslip with DPX mounting medium. 

 

 

To label the cell nuclei of all cells in fluorescent light microscopy, tissue sections 

underwent counterstaining with either Hoechst 33342 (Invitrogen; ex/em: 350/461 nm) 

or TO-PRO®-3 (Invitrogen; ex/em: 642/661 nm) prior to mounting at the end of 

immunofluorescent procedures. Hoechst 33342 was used at a dilution of 1:20,000 in 

deionised water. TO-PRO®-3 was used at a dilution of 1:5,000, or 1:10,000 to weakly 

label cell nuclei if another antibody marker was used in the same wavelength channel. 
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To detect non-specific binding of the primary antibody, pre-adsorption and no-

primary control experiments were undertaken.  

For the detection of non-specific binding of the secondary biotinylated antibody, a 

no-primary control procedure was undertaken for all antibodies used. For this, the 

primary antibody was omitted from the incubation solution for the control tissue 

section and the rest of the protocol proceeded unchanged. 

For pre-adsorption controls, the primary antibody was first incubated with the 

available peptide antigen then used in a normal immunohistochemical procedure. 

Pre-adsorption control staining was conducted for polyclonal rabbit γ2 antibodies 

(Table 3.3; section 3.3.2). 

 

Immunofluorescence procedures using two or more primary antibodies and 

fluorophore-conjugated secondary antibodies required controls for fluorophore 

excitation/emission bleed-through as well as cross reactivity of secondary antibodies 

in addition to the standard control for non-specific binding. Each collection channel 

should collect signal from a singular antibody marker. Bleed-through occurs when 

the collection of the fluorescent emissions in a collection channel picks up signal from 

more than one fluorophore/antibody. For confocal laser microscopy, the system 

settings for collection of emissions were checked by staining a series of control 

sections for a specific antibody marker combination. For each section of the control 

series, only one primary antibody of the combination was added (omitting the 

remaining primary antibodies of the combination), but all of the fluorophore-

conjugated secondary antibodies of the combination were included. Only the 

labelling for the specific primary antibody should occur. The adjacent wavelength 



79 

channels were checked for bleed-through, and the collection channel wavelength 

bandwidths were adjusted accordingly (see Section 3.5.2). 

 

 

Macroscopic images of entire tissue sections were collected with a Leica MZ6 

stereo-macroscope mounted with a Nikon Digital Sight DS-U1 digital CCD camera. 

Higher magnification images were taken on a Leica DMRB upright brightfield 

microscope mounted with the same camera. 

Image scales were obtained by imaging a calibration slide. Linear adjustments of 

brightness and contrast were made to images in ImageJ (versions 1.47–1.48, National 

Institutes of Health, USA). Cropping and re-sizing for figures was performed using 

Adobe® Photoshop® CS6 software (Adobe Systems Incorportated, USA). 

 

Fluorescent markers were visualised and imaged with confocal laser scanning 

microscopy using either the Zeiss LSM 710 inverted confocal microscope or the 

Olympus FV1000 confocal microscope.  

The optimal bandwidths for collecting emission wavelengths for each fluorophore 

used were determined by imaging control tissue sections (as described in Section 

1.3.6.2) to minimise bleed-through from the different fluorophores used. Collection 

wavelengths were optimised to take into account the maximum excitation and 

emission wavelengths for each fluorophore (see Table 3.10 for maximum 

excitation/emission wavelengths for each fluorophore), to ensure that there were no 

overlaps of laser excitation and collection wavelength bandwidths. The pinhole was 

adjusted to collect one Airy Unit of light. The signal thresholds for background 

fluorescence and auto-fluorescence as well as scanning speed and required signal 
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averaging were also determined for optimal signal-to-noise ratios. Images were 

collected in monochrome and falsely coloured with lookup tables. Acquired images 

from both CLSM systems were processed, and necessary linear adjustments for 

brightness and contrast were made in both their respective viewer software as well 

as in ImageJ for the figures in this thesis. All image analyses took place in ImageJ and 

are detailed in the Methods Overview sections for each of Chapters 4, 5, and 6. Image 

cropping and re-sizing for figures was performed using Adobe® Photoshop® CS6 

software.  

 

 Systematic random sampling for quantitative analysis (Chapter 6) was carried out 

using Stereo Investigator software (version 10, MBF Bioscience, USA) attached to a 

Nikon E800 upright light microscope mounted with a MBF Bioscience DV-47d colour 

camera. Each tissue section was first delineated by hand and the contours were 

subsequently named and traced into the software as boundaries for systematic 

random sampling. A 5x objective was used for macroscopic image acquisition at the 

macroscopic regional level and a 20x objective was used for image acquisition at the 

cellular level. The acquired images for each region was named accordingly by the 

software and sorted into folders for quantification in Image J (Chapter 6).  

 

 

Statistical analyses were conducted with GraphPad Prism V6. Due to the small 

size of sample groups, the D’Agostino–Pearson normality test was not able to be 

performed, and thus the more conservative nonparametric statistical tests were used. 

The Mann–Whitney U test, which does not assume normality, was used for 

comparisons of measurements between control and AD (Chapter 6). In all cases, a p-

value of <0.05 was considered statistically significant. 
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4 

 

 

The human amygdala is a cluster of nuclei situated at the medial aspect of the 

anterior temporal lobe. Based on cytocarchitectural, neurochemical, and hodological 

characteristics, the nuclei can be classed into three main groups: 

(1) Basolateral Nuclear Group (BLNG), the largest of nuclear groups, a non-

laminar cortex-like structure which includes five nuclei that can be further 

subdivided into numerous subregions: 

a. Lateral nucleus (LA) 

i. dorsolateral (LAdl) 

ii. dorsomedial (LAdm) 

iii. ventromedial (LAvm) 

b. basolateral nucleus (BL) 

i. magnocellular (BLmg) 

ii. intermediate (BLi) 

iii. lateral parvicellular (BLpvl) 

iv. medial parvicellular (BLpvm) 

c. basomedial nucleus (BM) 

i. magnocellular (BMmg) 

ii. parvicellular (BMpv) 

iii. ventromedial (BMvm) 
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d. paralaminar nucleus (PL) 

i. lateral (PLl) 

ii. medial (PLm) 

e. endopiriform nucleus (EN) 

(2) Centromedial Amygdala (CMA), a striatal-like structure which includes: 

a.  central nucleus (CE) 

i. medial (CEm) 

ii. lateral (CEl) 

iii. capsular (CEc) 

b. medial nucleus (ME) 

i. anterior (MEa) 

ii. posterior (MEp) 

(3) Superficial Cortical-Like Region (SCLR), a laminar cortex-like region which 

includes: 

a. rostral anterior cortical nucleus (ACOr) 

b. dorsal anterior cortical nucleus (ACOd) 

c. ventral anterior cortical nucleus (ACOv) 

d. dorsal posterior cortical nucleus (PCOd); 

e. ventral posterior cortical nucleus (PCOv) 

f. amygdalohippocampal transition area (AHI) 

g. parahippocampal-amygdaloid transition area (PHA) 

h. nucleus of the lateral olfactory tract (NLOT) 

(4) Other nuclei, which includes the intercalated cell masses (ICM/I). 

The amygdala is thought to be one of the primary substrates of behavioural anxiety. 

Application of a direct current or infusion of benzodiazepine compounds and GABAA 

receptor antagonists implicated the amygdala in anxiolytic behaviour in rats. 

(Sanders, Morzorati, & Shekhar, 1995; Sanders & Shekhar, 1995; Shibata, Yamashita, 

Yamamoto, Ozaki, & Ueki, 1989). 

The different regions of the amygdala appear to mediate different aspects of anxiety 

through GABAA receptor inhibitory activity. Blocking activity of GABAA receptors in 
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the rostral BLNG of male Sprague-Dawley rats results in significant increases in heart 

rate and blood pressure, symptoms of anxiety that are not seen with GABAB receptor 

blockade (Sanders et al., 1995). Infusing the CMA with the benzodiazepine 

midazolam is found to produce different anxiolytic effects to that seen in the BLNG 

(Pesold & Treit, 1995); infusion of the CMA reduces shock-probe avoidance (impaired 

active avoidance), while infusion of the BLNG impairs open-arm plus-maze 

avoidance (impaired passive avoidance). Diazepam treatment of mice with point 

mutations that render GABAA receptors insensitive to diazepam have demonstrated 

that IPSCs in the BLNG are mediated by the α1- and α2-subunits, while in the CE, 

they are only mediated by GABAA receptors containing the α2-subunit (Marowsky, 

Fritschy, & Vogt, 2004). These data suggest that amygdala nuclear groups are 

functionally distinct in their contributions to anxiety in the rodent amygdala, and that 

these different functions are mediated by different GABAA receptor subtypes. 

Using immunohistochemistry on 50 μm thick sections of formalin-fixed human 

amygdala, this chapter demonstrates that the nuclei of the human amygdala express 

distinct repertoires of GABAA receptor subunits—α1, α2, α3, β2,3, and γ2—to a 

degree that allows for delineation of individual nuclei at the macroscopic level. 

 

To study the regional localisation of the GABAA receptor subunits α1, α2, α3, β2,3, 

and γ2, neurologically normal human amygdala tissue was taken through 

histochemical and immunoperoxidase staining following tissue fixation and coronal 

sectioning (detailed in Chapter 3). Once stained, the tissue sections were analysed for 

anatomical arrangement and semi-quantitative staining intensity for GABAA receptor 

subunits as measured by integrated optical density. The antibodies used were bd24 

(for the α1 subunit), polyclonal guinea pig anti-α2 (GPα2, for the α2 subunit), rabbit 
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anti-α3 (Rα3, for the α3 subunit), bd17 (for the β2,3 subunits), and guinea pig anti-γ2 

(GPγ2, for the γ2 subunit), as described in Chapter 3 (Table 3.5). 

 

The regional distribution of GABAA receptor subunits in the human amygdala 

was studied in coronal brain sections collected from neurologically normal formalin-

fixed brains (Table 3.1). A series of adjacent sections was collected every 800 μm 

through the rostrocaudal extent of the amygdala and immunohistochemically stained 

for the α1, α2, α3, β2,3, and γ2 subunits of the GABAA receptor (see Section 3.3 for 

detailed immunoperoxidase methods, and Tables 3.3. 3.4. 3.5, 3.8, and 3.9 for 

antibodies used). To aid the delineation of the nuclei, a further series of adjacent 

sections were collected and histochemically stained for Nissl bodies (cresyl violet) 

and immunohistochemically stained for neurons (NeuN), calretinin, white matter 

(MBP), and GAD. 

The regional immunoreactive staining pattern and intensity of each subunit under 

brightfield light microscopy in high magnification was summarised using a semi-

quantitative scale: - (no immunoreactivity), 1 (low immunoreactivity), 2 (moderate 

immunoreactivity), 3 (intense immunoreactivity), 4 (very intense immunoreactivity). 

The staining patterns observed were summarised as diffuse neuropil staining with 

indistinguishable perikarya and process labelling (), diffuse neuropil with distinctly 

labelled perikarya and processes (), distinctly labelled perikarya and processes with 

very little or no neuropil staining (), diffuse neuropil staining with strongly labelled 

processes but with indistinct or labelled perikarya (), and fibrous neuropil with 

indistinguishable perikarya labelling () (Figure 4.1, Table 4.1).  
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The extended amygdala—the centromedial extended amygdala, nucleus of the 

stria terminalis, and sublenticular extended amygdala—was excluded from study 

due to its absence from most amygdala brain blocks available as well as its ambiguous 

chemo- and cytoarchitectural delineations with the markers available. Likewise, the 

endopiriform nucleus, commonly included as part of the “anterior amygdaloid area”, 

was also excluded from study.   

 

The regional distribution of the GABAA α1, α2, α3, β2,3, and γ2 subunits in the 

human amygdala was examined using immunoperoxidase staining on coronal 

amygdala tissue sections and visualised for analysis under low magnification 

brightfield light microscopy.  

 

The α1 subunit exhibited heterogeneous regional and subregional distribution 

between and within the major nuclei of the amygdala (Figure 4.2). 

In the BLNG, the α1 subunit was most intensely stained in the neuropil of the LA 

where cellular and dendritic staining cannot be easily distinguished. The LAvm was 

less intensely immunoreactive and was less easily delineated from the ventral BLpv 

(Figure 4.2, E–I). The BL showed very low neuropil immunoreactivity for the α1 

subunit, which easily delineated it from the LA to its lateral border and the BM from 

its dorsomedial border. However, its cellular immunoreactivity was very intense. The 

PL showed moderately intense immunoreactivity for the α1 subunit, which was more 

easily distinguished rostrally where it lines the ventral borders of the intensely 

immunoreactive LA and low immunoreactivity of the BL (Figure 4.2, C–G). The PLm 
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abuts into the ventral borders of the BLpv and is more intensely immunoreactive than 

the PLl which extends further in the caudal amygdala. Medial to the BL, the BM 

showed moderately strong immunoreactivity for the α1 subunit where the 

dorsomedially located BMmg subregion was less intensely immunoreactive than the 

ventrally located BMpv subregion (Figure 4.2, E–I). 

In the CMA, the CEl and CEc showed moderately intense neuropil immunoreactivity 

for the α1 subunit in contrast to the low immunoreactive staining in the CEm (Figure 

4.2, G, H, I). The ME forms a crescent shape in the endorhinal sulcus and showed 

moderate neuropil immunoreactivity in its anterior subregion (Figure 4.2, E) and 

intensely dendritic immunoreactivity in its posterior subregion (Figure 4.2, H). There 

was a dorsal to ventral gradient of staining in the MEp where the neuropil of the 

dorsal region showed more intense immunoreactive staining (Figure 4.2, G–J). 

On the medial surface of the amygdala, the SCLR could be distinguished from the 

BLNG by the lack of immunoreactivity in the medial medullary lamina of the 

amygdala towards the caudal levels (Figure 4.2, D–J). The APIR showed no 

immunoreactivity in layer I, and moderate neuropil immunoreactivity in layers II and 

III. It forms the dorsolateral border of a small, intensely immunoreactive region 

tentatively designated as the NLOT (Figure 4.2, A–B). The ACOr showed no 

immunoreactivity in layer II while layer II and III showed moderate neuropil 

immunoreactivity and moderately intense cellular immunoreactivity. The ACOd, 

showed moderately intense neuropil immunoreactivity in layers I and II, and 

moderate neuropil immunoreactivity in layer III with intense cellular 

immunoreactivity (Figure 4.2, A–F). In contrast, the ACOv showed moderate 

neuropil immunoreactivity through its three layers (Figure 4.2, C–F). The PCOd 

showed moderate neuropil immunoreactivity in layer II, which easily delineated it 

from the less intensely stained layer II of the PCOv and the ME (Figure 4.2, G, H, I). 
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Layer III of the PCOd and PCOv showed low to no immunoreactivity for the α1 

subunit but moderate levels of cellular immunoreactivity. Ventral to the cortical 

nuclei, the PHA showed very low neuropil immunoreactivity of the α1 subunit but 

moderate cellular immunoreactivity was seen (Figure 4.2, C–I). The PHA separates 

the cortical nuclei of the amygdala from the entorhinal cortex on its ventral side. 

Likewise, the AHI showed low to no neuropil immunoreactivity for the α1 subunit 

and moderate cellular immunoreactivity (Figure 4.2, J). 

The intercalated nuclei were only found towards the middle and caudal levels of the 

amygdala and were weakly immunoreactive for the α1 subunit (Figure 4.2, E–J). 

Patches of moderately immunoreactivity were observed lining the pinched lateral 

border of the LAdl, which was distinct from the strong immunoreactivity of the LA 

itself (Figure 4.2, D–G). 

The white matter surrounding the amygdala on its lateral and ventral borders had 

weak to no immunoreactivity for the α1 subunit. However, the white matter that 

surrounds the dorsal borders of the BLNG showed strong cellular immunoreactivity. 

 

 

 

Figure 4.2 | Photomacrographs of GABAA receptor α1 subunit immunostaining 

with bd24 in coronal tissue sections of the human amygdala. 

From rostral (A) to caudal (J), the amygdala showed heterogeneous staining for the 

α1 subunit. The lateral nucleus (LA) displayed the most intense staining for the α1 

subunit (B–I).The parvicellular basomedial nucleus (BMov), dorsal anterior cortical 

nucleus (ACOd), and the lateral subregion of the central nucleus (CEl) showed 

moderately intense staining while the parahippocampal area (PHA), posterior 

cortical nuclei (PCO), and the basolateral nucleus (BL) were only weakly stained. The 

subiculum regions of the anterior hippocampus were also intensely stained for the 

alpha 1 subunit (G–J). 

Scale bar = 5 mm. 
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The α2 subunit showed moderate to moderately intense neuropil 

immunoreactivity in the BLNG and SCLR (Figure 4.3). Cellular immunoreactivity in 

the BLNG and SCLR was intense. The major nuclei were easily delineated by the lack 

of immunoreactivity in the lateral, intermediate, and medial medullary lamina. 

The LA contained a very intensely immunoreactive ventrolateral region which 

appeared more prominently in the caudal levels of the amygdala (designated LAvl, 

Figure 4.3, G, H, I). The BLmg could be separated into the dorsal and ventral 

subregion based on the more intensely immunoreactive dorsal subregion (designated 

BLmgd in Figure 4.3, F, G, H) which first appears separated from the main body of 

the amygdala at more rostral levels (Figure 4.3, E). 

The ME as well as the CEm showed low immunoreactivity for the α2 subunit whilst 

the neuropil of the CEl was strongly immunoreactive (Figure 4.3, D–J). The 

intercalated nuclei showed moderately intense neuropil immunoreactivity for the α2 

subunit and could be consistently found in five of eight cases on the dorsal borders 

between the basomedial and basolateral (Figure 4.3, F, J), basomedial and basolateral 

(F, H), basomedial and central (Figure 4.3, G–J), and lateral and basomedial nuclei 

(Figure 4.3, G, H).  

The PCOd and PCOv showed more intense immunoreactivity for the α2 subunit in 

than the ACOd and ACOv, and the dorsal cortical nuclei were in turn more intensely 

immunoreactive than the ventral cortical nuclei (Figure 4.3, C–H). The tentative 

NLOT showed strong neuropil immunoreactivity for the α2 subunit (Figure 4.3, A–

B). Layers II and III of the PHA were moderately immunoreactive and were easily 

delineated from the moderately intense immunoreactivity of the PLm and BLpvm. 
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The AHI was intensely stained and was separated from the BM by the immuno-

negative intermediate caudal-medial fibre masses (Figure 4.3, C–J). 
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Figure 4.3 | Photomacrographs of GABAA receptor α2 subunit immunostaining 

with GPα2 in coronal tissue sections of the human amygdala. 

From rostral (A) to caudal (J), the amygdala showed moderate to intense staining for 

the α2 subunit. The most intense staining was localised to the ventrolateral subregion 

of the lateral nucleus (LAvl) (G–I), the dorsal magnocellular basolateral nucleus 

(BLmgd) (F–H), the lateral subregion of the central nucleus (CEl) (G–J), the cortical 

nuclei (CO) (B–I), as well as the amygdalohippocampal transition area (AHI) (J). 

Scale bar = 5 mm.   
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The α3 subunit showed low to moderate levels of neuropil immunoreactivity in 

the nuclei of the amygdala with the exception of the intercalated nuclei (Figure 4.4). 

In the BLNG, the LAdm as well as the BLmgd and BLi showed moderate neuropil 

immunoreactivity for the α3 subunit (Figure 4.4, D–I). 

In the CMA, the CEc showed a moderate neuropil immunoreactivity while the CEm 

showed low neuropil immunoreactivity and moderate cellular immunoreactivity 

(Figure 4.4, H, I). The cortical nuclei showed moderate neuropil immunoreactivity, 

more intense in the PCOd and PCOv and AHI. Layer II of the PCOv was intensely 

immunoreactive for the α3 subuni and allowed it to be easily delineated from the 

PCOd. 

The intercalated nuclei showed very intense immunoreactivity for the α3 subunit, 

most prominently on the dorsal borders of the basomedial-medial (Figure 4.4, F, J), 

basomedial-central (Figure 4.4, F–J), basomedial-basolateral (Figure 4.4, F, G, H) and 

basolateral-lateral (Figure 4.4, F–I) white matter junctions, where they appeared as 

small elongated patches of fibrous neuropil immunoreactivity.  

Moderate to strong immunoreactivity for the α3 subunit was observed scattered 

between the striated islands of the dorsolateral lateral nucleus as well as scattered in 

the lateral, intermediate and medial medullary laminae. 
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Figure 4.4 | Photomacrographs of GABAA receptor α3 subunit immunostaining 

with Rα3 in coronal tissue sections of the human amygdala. 

From rostral (A) to caudal (J), the amygdala overall showed weak to no staining of 

the α3 subunit. Intense staining for the α3 subunit was localised to the intercalated 

nuclei (I) on the dorsal borders of the basolateral amygdala (E–J). Moderate staining 

was localised to the posterior cortical nuclei (PCO) (G–I), amygdalohippocampal 

transition area (AHI) (J), the dorsal magnocellular basolateral nucleus (BLmgd) (F–

H), and the lateral nucleus (LA) (B–I). The subiculum regions and CA1 of the anterior 

hippocampus were also intensely stained for the α3 subunit (G–J) 

Scale bar = 5 mm.   
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The β2,3 subunit showed heterogeneous immunoreactivity throughout the 

amygdala with very dense and intense neuropil staining in the LA and moderate to 

moderately intense immunoreactivity in the remaining nuclei (Figure 4.5). The LAvl 

showed very intense immunoreactivity for the β2,3 subunit (Figure 4.5, G, H I). The 

BLmgd and BLpv exhibited more intense neuropil immunoreactivity than the BLmgv 

and BLi (Figure 4.5, F, G, H) while the BM and PL showed moderately intense 

neuropil immunoreactivity. In the BL, BM, and SCLR, the cellular immunoreactivity 

for the β2,3 subunit was at least an order of intensity higher than the neuropil 

immunoreactivity. 

The CEl showed much higher β2,3 subunit immunoreactivity in the neuropil than the 

CEm (Figure 4.5, G–J). The MEp exhibited a dorsal to ventral gradient of 

immunoreactivity, with stronger staining in the dorsal region (Figure 4.5, G–J). 

In the SCLR, the dorsal cortical nuclei were more intensely stained for the β2,3 

subunit than the ventral cortical nuclei, particularly in layers II and III (Figure 4.5, E, 

G). The PCOv showed moderately intense immunoreactivity in layer II and low 

immunoreactivity in layers I and III (Figure 4.5, G, H, I). The AHI exhibited low 

neuropil immunoreactivity but moderately intense cellular immunoreactivity was 

observed. 

The parahippocampal-amygdaloid transition area was weakly stained and easily 

delineated the medial paralaminar nucleus, medial parvicellular subregion of the 

basolateral nucleus, and the ventral cortical nuclei from the entorhinal cortex rostrally, 

and the anterior hippocampus caudally. 

 



100 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 | Photomacrographs of GABAA receptor β2,3 subunit immunostaining 

with bd17 in coronal tissue sections of the human amygdala. 

From rostral (A) to caudal (J), the amygdala showed moderate to intense staining for 

the β2,3 subunit. The lateral nucleus (LA) contained very intense staining for the β2,3 

subunit (B–I), with much lower immunoreactivity seen in the deeper layers of the 

posterior cortical nuclei (PCO) (G–I) and the parahippocampal (PHA) (B–I) and 

amygdalohippocampal (AHI) (J) transition areas. The subiculum regions and CA1 of 

the anterior hippocampus were also intensely stained for the β2,3 subunit (G–J). 

Scale bar = 5 mm.   
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The γ2 subunit showed moderately intense neuropil immunoreactivity in the 

almost all the nuclei of the amygdala examined, with the most intense staining 

observed in the LA (Figure 4.6). 

The LAvm showed a lower intensity of immunoreactivity for the γ2 subunit than the 

other regions of the LA (Figure 4.6, F–H). The BLmgd, PL, and the BM showed 

moderately intense neuropil immunoreactivity and intense cellular 

immunoreactivity (Figure 4.6, F–H). 

In the CMA, the CEm showed moderate neuropil immunoreactivity for the γ2 

subunit and the CEl and MEp showed greater immunoreactivity in contrast (Figure 

4.6, G–J). 

The cortical nuclei were delineated from the BM by the weakly immunoreactive 

medial medullary lamina and intermediate cell masses (lm and icm in Figure 4.6, γ2). 

Layers I and II of the cortical nuclei showed moderate immunoreactivity for the γ2 

subunit, which was more intense than in layer III (Figure 4.6, F, H). The AHI showed 

uniformly moderate immunoreactivity throughout its three layers and the PHA was 

moderately stained for the γ2 subunit and was distinguishable from its surrounding 

PLm and BLpvm (Figure 4.6). 

Small and elongated intercalated nuclei intensely stained for the γ2 subunit were 

observed lining the dorsal borders between the BLNG and CMA (Figure 4.6). 
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Figure 4.6 | Photomacrographs of GABAA receptor γ2 subunit immunostaining 

with GPγ2 in coronal tissue sections of the human amygdala. 

From rostral (A) to caudal (J), the amygdala showed moderate to intense staining for 

the γ2 subunit. The lateral nucleus (LA) exhibited the most intense staining for the γ2 

subunit (B–I), with the remaining nuclei showing moderately intense staining. The 

subiculum regions of the anterior hippocampus were also intensely for the γ2 subunit 

(G–J) 

Scale bar = 5 mm.   
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The results presented in this chapter, as summarised in Table 4.1 and Figure 4.7, 

demonstrate prominent and heterogeneous expression of five major GABAA receptor 

subunits—α1, α2, α3, β2/3, and γ2—in the various nuclei of the human amygdala. 

The α1, β2,3, and γ2 subunits showed comparable staining patterns with the highest 

expression observed in the neuropil of the LA. The α2 subunit was expressed at high 

intensity throughout the neuropil of the amygdala, most prominently so in the LAvl, 

the dorsal BLmg, the CEl, and layer II of the PCOv and AHI. The α3 subunit was 

expressed at low to moderate intensity throughout the amygdala but at high intensity 

in the ICM.  

 

Until recently, immunohistochemical staining has only been used to visualise the 

localisation of GABAA receptor subunits in the animal amygdala. The earliest 

anatomical data on the distribution of GABAA receptors in the human amygdala come 

from autoradiographic studies which used radioligands to visualise benzodiazepine 

(BZ) binding sites in the brain. In the present study, the immunohistochemical 

distribution of α1, β2,3, and γ2 subunits—subunits which form the type 1 BZ receptor 

(Section 2.1.3.2)—showed a heterogeneous expression across the amygdala with the 

highest densities of these subunits seen in the LA, layer 2 of the CO, PLm, and MEp. 

Using tritiated flunitrazepam ([3H]FLU) to localise type 1 BZ binding sites in five 

coronal levels of the post-mortem human amygdala, Niehoff and Whitehouse (1983) 

found a heterogeneous distribution of BZ binding sites with the LA and PL noted to 

have the highest BZ binding densities. The heterogeneous distribution allowed the 

authors to delineate seven distinct nuclei including the LA, BL, BM, PL, CE, ME, and 

the SCLR as a whole, a process which was replicated in this thesis using 
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immunohistochemical staining for α1, β2,3, and γ2 subunits (Figure 4.7). When 

differentiating between type 1 and type 2 BZ receptors using the displacement of 

[3H]FLU with the compound CL218,872, Niehoff and Whitehouse (1983) found an 

increasing density of type 1 receptors towards the caudal CE and ME and a 

decreasing density of type 1 receptors towards the caudal BLNG;  though overall, 

type 2 receptors were the majority type seen expressed at their five examined levels. 

In another autoradiographic study, Zezula et al (1988) used [3H]FLU to examine the 

type 1 BZ binding densities in the human brain and, in one representative level of the 

human amygdala, found high densities of type 1 BZ bindings sites in the SCLR, and 

medium densities in the BL, CE, and ME. In the present study, the α2 was 

homogeneously distributed throughout the amygdala with a moderate density of 

expression, except in the BLmgd and LAvl where expression was high, and low 

expression in the ME and CEl. Although the β2,3, and γ2 subunits followed the 

heterogeneous pattern of expression displayed by α1 subunit expression, there was a 

higher density of expression in the neuropil of the BL and CEm, which indicates their 

association with the α2 subunit.  

 

 

 

Figure 4.7 | Heterogeneous expression of GABAA receptor subunits in the human 

amygdala 

Representative photomacrographs of adjacent tissue sections of amygdala stained for the 

GABAA α1, α2, α3, β2,3, and γ2 subunits. The α1, β2,3, and γ2 subunits exhibited a similar 

staining pattern with high expression in the LA, lower expression in the BL, and moderate 

expression in the BM and ACO/PCO. The α2 subunit was intensely expressed throughout the 

amygdala with the exception of the ME and CEm. The α3 subunit was expressed with 

moderate intensity in the PCO and with high intensity in the ICM.  
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Recently, Stefanits et al. (2018) localised major GABAA receptor subunits in the human 

amygdala with immunoperoxidase staining on formalin-fixed paraffin-embedded 7-

μm coronal sections. Using a panel of antibodies, including the same bd24 antibody 

against the α1 subunit and bd17 antibody against β2,3 subunit used in this thesis, the 

study reported the highest α1 and β2,3 subunit expression in the LA, homogeneous 

α2 subunit distribution throughout the amygdala, and highest α3 subunit expression 

in the ICM . These findings compare well with the data in the present study. However, 

in contrast to the present study, Stefanits et al. (2018) found low expression of γ2 

subunits throughout the amygdala, although the authors noted that field-fraction 

image analysis reveals similar staining patterns between the subunits and it was 

emphasised that the low level of expression seen does not preclude the lack of 

expression, merely the lack of detection with the protocols utilised. This disparity of 

results seen between the two studies could be explained by the differential specificity 

of the antibodies used for the γ2 subunit or by the use of paraffin-embedded thin-

sections by Stefanits et al. (2018) in contrast to the free-floating thick-sections used in 

the present study. The use of thicker sections would also explain the relatively greater 

density of staining seen in the present study for all nuclei, which allowed for greater 

delineation between the staining intensities between subregions of nuclei. 

Furthermore, there is a clear indication of more intense subunit expression in the 

ventrolateral subregion of the LA as well as the dorsal subregion of the BLmg for all 

subunits examined in this study (Figure 4.7), and thus, these regions have been 

marked as separate, new subregions: the LAvl (ventrolateral subregion of the lateral 

nucleus) and the BLmgd (dorsal magnocellular subregion of the basolateral nucleus) 

from this chapter onwards. Interestingly, this distinction has not been noted in 

autoradiographic or immunohistochemical studies in the human or mammalian 

brain (see next Section). These new subregions within the existing delineations 
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indicate a functional distinction which should be considered in future studies 

involving the BLNG, particularly when translating research between species.  

 

A number of studies have characterised the localisation of GABAA receptor 

subunits in the mouse, rat, monkey, and, most recently, the human amygdala. In the 

adult rhesus monkey amygdala, McDonald and Mascagni (1996) used 

immunoperoxidase staining with the bd17 antibody and found high neuropil 

expression of the β2,3 subunit in the LA but low neuropil expression in the BL and 

BM in contrast to the higher cellular expression seen in both these regions. While the 

cellular expression of β2,3 subunits was high in the BL and BM of the human 

amygdala (Figure 5.6, A, B, C, E), the neuropil expression was also moderately high, 

which may be due to a species difference between rhesus monkey and human.  

Numerous immunoperoxidase studies using 40-μm-thick sections have set out to 

localise individual receptor subunits in the rat brain. Fritschy and Möhler (1995) 

examined seven different subunits in the adult male Sprague-Dawley rat brain using 

a panel of antibodies including the bd17 antibody against β2,3 subunits. Like in the 

human amygdala, the study found a heterogeneous distribution of the subunits 

examined, which allowed for delineation of the nuclei of the rat amygdala. The study 

noted high expression of the α1, β2,3, γ2 subunits in the neuropil of the LA, high 

cellular expression of the α1 subunit in the BL, and low neuropil expression of the α1 

subunit in the CE in contrast to high α2 subunit expression in the same region, a 

finding replicated in a later functional study by Marowsky et al. (2003) using the same 

antibodies in the mouse brain. McDonald and Mascagni (1996) also used the bd17 

antibody to study the distribution of β2,3 subunits in the adult Sprague-Dawley rat 

amygdala, and the study notes a high neuropil expression of β2,3 subunits in the 

intercalated nuclei and superficial CO, and a low-to-high gradient of expression 
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between the caudal LAdl and LAvm, a finding consistent with the present study. 

However, Pirker et al. (2000), using a panel of thirteen antibodies, found high and 

relatively homogeneous expression of the α1, α2, β2, β3, and γ2 subunit throughout 

the Sprague-Dawley rat amygdala. This finding differs from both the previous 

studies in the rat amygdala and the present study in the human amygdala where the 

α1, β2,3, and γ2 subunits showed more heterogeneous distribution. Given the 

similarity of staining methods used between the studies on the rat amygdala, this 

disparity could be due to the different antibodies used between the studies where the 

different specificities may produce different levels of staining intensity. In contrast to 

Fritschy and Möhler (1995), Pirker et al. (2000) found a low expression of the α2 

subunit in the CE. In the present study, the nuclei of the human amygdala were 

subdivided into the CEm and CEl and the expression of the α2 subunit was found to 

be high in the CEl but low in the CEm. It is likely, then, that the lack of distinction 

between these subregions in the rat amygdala resulted in different subregions of the 

CE being reported under the same nuclear name with different results.  

Using the same panel of antibodies as Pirker et al. (2000), Hörtnagl et al., (2013) set 

out to study the expression for major GABAA subunits in the adult mouse brain with 

free-floating immunoperoxidase staining. The study found low α1, β2, and γ2 

subunit expression in the CE but high α2 and α3 expression in the same nucleus. High 

α3 subunit expression was seen in the ICM, a finding which is in agreement with the 

present study, but low to no expression of the α1 and γ2 subunits was reported for 

the same nucleus. Marowsky et al., (2003) examined the α1, α2, α3 subunit expression 

in the adult mouse brain and found similar results to Fritschy and Möhler., (1995) and 

the present study, with high expression of α1 and α2 subunits in the LA, moderate 

expression of the α3 subunit in the BLNG and ICM (unlabelled regions in figure 4 of 

Marowsky et al., (2003)), and high expression of α2 subunit and low expression of α1 

subunit in the CE (though they did not delineate between CEl and CEm subregions). 
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In contrast to the mouse amygdala, expression of the α3 subunit in the human 

amygdala was almost exclusively confined to the ICM, with weak expression seen in 

the BLNG, SCLR, and remaining CMA. Expression of the β2,3 and γ2 subunit in the 

human amygdala was observed at moderate levels in the ICM, higher than that in the 

neighbouring BLNG and CMA, which allowed for delineation between these 

structures. The rat amygdala also shows relatively high α3 expression in the BLNG 

(Fritschy and Möhler, 1995; Pirker et al., 2000), and given the similar results for the 

α3 between the studies that used different antibodies, this could be attributed to a 

species difference—the rodent brain has more α3 in the amygdala as a whole 

compared to the human brain. 

 

The heterogeneous expression of five major subunits α1, α2, β2,3, and γ2 in the 

human amygdala underlines the functional diversity of inhibitory activity in the 

amygdala. Furthermore, the diverse expression of the α1 subunit in the human 

amygdala allows for its use as a delineating marker in future studies. There is a 

marked difference in subunit expression between the rodent and human amygdala, 

particularly of the α3 subunit, and thus care should be taken when translating 

research between species.  
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The human amygdala comprises 13 different nuclei which can be grouped into 

three main groups based on their similarities to cortical or striatal structures. Similar 

to the cerebral cortices, the principal cells of the basolateral nuclear group (BLNG) 

and superficial cortical-like region (SCLR) are glutamatergic spiny pyramidal-like 

neurons which make up at least 70% of the neuronal population (H. Braak & Braak, 

1983). A smaller but more neurochemically and physiologically diverse population 

of interneurons modulate the activity of these principal cells (Bienvenu, Busti, Magill, 

Ferraguti, & Capogna, 2012). Unlike the cerebral cortices, the cells in the BLNG do 

not follow a laminar arrangement. However, the cells of the SCLR are arranged into 

three distinct layers. The principal cells of the centromedial amygdala (CMA), which 

often includes the ICM, are primarily GABAergic and resemble the medium spiny 

neurons of the basal ganglia. 

To study the cellular and subcellular localisation of the GABAA receptor subunits 

α1, α2, α3, β2,3, and γ2, neurologically normal amygdala underwent histochemical 

and immunoperoxidase staining (see Chapter 3 for details). This chapter characterises 

a distinct compartmentalisation of different subtypes of GABAA receptors to different 

cell populations within the human amygdala.  
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The cellular distribution of GABAA receptor subunits in the human amygdala 

was studied in coronal brain sections collected from neurologically normal formalin-

fixed brains (Table 3.1). A series of adjacent sections was collected every 800 μm 

through the rostrocaudal length of the amygdala and immunohistochemically 

stained for the α1, α2, α3, β2,3, and γ2 subunits of the GABAA receptor (see Section 

3.3 for detailed immunoperoxidase methods and Tables 3.3. 3.4. 3.5, 3.8, and 3.9 for 

antibodies used).  

To elucidate the GABAA receptor subtypes present in the major nuclei of the 

amygdala, each subunit was immunofluorescently double- or triple-labelled with one 

or two of another subunit and their association was examined under confocal laser 

scanning microscopy (see Section 3.5 for imaging and image processing methods).  

The neurochemical identities of cells expressing the subunits studied was determined 

by immunofluorescently double-, triple-, or quadruple-labelling GABAA receptor 

subunits with GAD, VGAT, and inhibitory interneuron markers (parvalbumin (PV), 

calbindin-D48K (CB), calretinin (CR)). In fluorescent microscopy, delineation of the 

amygdala subregions was aided by the appearance of autofluorescent lipufuscin 

based on observations by Braak and Braak (1983). 

 

Measurements for lengths and diameters of cell perikarya and dendrites were 

conducted using Image J software. General cell counts for cell density measurements 

were undertaken using Stereo Investigator software under brightfield microscopy 

with a 20x objective. The contour outlines of the delineated nuclei were traced into 



117 

the software with a 2x objective, and the Optical Fractionator tool was used to apply 

a systematic random sampling grid onto the contours.  

The various receptor subunit and CBP (PV, CR, CB) combinations present in each 

major nuclei of the amygdala was quantified by quadruple-labelling the three CBPs 

simultaneous with one α subunit and imaged with CLSM. Using a 20x objective, A 5 

FOV by 5 FOV large-image was sampled over the centre of the subregion of the nuclei 

examined. For each FOV, 3 focal planes set 15 μm apart in depth was acquired. This 

generated an image which covered at least 25% of the area of the subregion and spans 

the thickness of the tissue section. Once the images were acquired, they were 

transferred to Image J, and the cell count function was used to count the different 

combinations of CBPs expressed with the α subunits. The findings were expressed as 

a percentage of the total cells counted that expressed the GABAA receptor subunit. 

Since no CBP was able to be localised with any α2+ or α3+ cells, only the CBP 

expression patterns in α1+ cells will be detailed. 

 

In this part of the study, cells immunoreactive for the GABAA receptor subunits 

have been broadly categorised into six cell types based on morphological features 

such as cell size and dendritic organisation, expression of GABAA receptor subunits, 

and regional localisation (Figure 5.2). These cell types are summarised below: 

 These cells were the most predominant cell type in the amygdala that 

expressed GABAA receptor subunits (example in Figure 5.1, B). Type 1 cells were 

found in the BLNG (excluding the PL), layer II and III of the SCLR nuclei, and CEm. 

The perikarya of these cells could sometimes be seen in the intercalated nuclei. Type 

1 cells have small, round or pear-shaped perikarya (7–15 μm, mean = 9 μm) with 6 to 

9 and sparsely spiny thin calibre processes (< 1 μm) which tended to branch 
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immediately upon leaving the perikarya and thus occasionally gave the cells a tufted 

appearance. The dendritic fields of these cells were circular.  

These cells were found almost exclusively in the PL (example in 

Figure 5.1, H'). They have medium-sized ovoid perikarya (11–25 μm) with 4 to 6 thin 

to medium calibre sparsely spiny or aspiny processes (<1–2 μm) which branch 

infrequently at the perikarya as well as more distally. These cells have processes 

which tend to orient in a ventromedial to dorsolateral axis, perpendicular to the 

ventral border of the PL.  

These cells are a diverse population of cells were found throughout 

the BLA, SCLR as well as the CEm (example in Figure 5.2, D). These cells have 

medium to large irregular shaped perikarya (15–66 μm) which were frequently 

fusiform, ovoid, or elongated triangular. Type 3 cells have 3–4 thick calibre, straight 

aspiny or sparsely spiny processes (3–6 μm) which branched at the perikarya and 

then infrequently further distal, forming an irregular shaped dendritic field where 

some processes could be followed for up to 500 μm from the main cell body in a 50 

μm thick section. The processes were also seen crossing the borders between the 

nuclei of the BLNG, and into the icm from the dorsal cortical nuclei and AHI.  

These cells had pyramidal-shaped perikarya (13–25 μm) and 3–6 of 

both spine-laden and aspiny primary processes (tapering from 3 μm to 2 μm, 

proximal to distal, within the length of up to 40 μm from the perikarya) (example in 

Figure 5.4, B'). One or two of these primary processes extends from the "apical" region 

of the cell body while the rest extend from the "basal" regions of the cell, forming a 

classical pyramidal neuron morphology. 
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These cells were found in the LAdm and CE (example in Figure 5.4, 

E). These cells had round or ovoid medium to large-sized perikarya (17–35 μm in the 

LAdm; 20–40 μm in the CE). Type 5 cells had 4 to 6 primary processes (2–4 μm) which 

radiated from the cell body. 

These cells were found densely packed in the ICM and had ovoid 

perikarya (9–16 μm) with up to 5 distinguishable thin primary processes which 

extend into the white matter around the CMA and often into the LA, BM, or BL 

(example in Figure 5.5, C'). 

 

Immunoreactivity for the α1 subunit was distinct in both the neuropil and on a 

number of cell populations (Figure 5.3, Figure 5.5). Dense neuropil immunoreactivity 

for the α1 subunit was found in all subregions of the LA. In these regions, cellular 

staining was often masked by the intense staining in the neuropil (Figure 5.3, E). 

Intense immunoreactivity for the α1 was seen on thick fibres in the dorsal MEp 

(Figure 5.4, B), which extends dorsolaterally to the medial borders of the CEm. The 

ventral magnocellular and intermediate basolateral nucleus, layer III of the PCO, and 

the AHI and PHA were the only nuclei showing low or no background neuropil 

immunoreactivity. 

Immunoreactivity for the α1 subunit was localised to type 1 cells, type 2 cells, and 

type 3 cells: 

Type 1 α1+ cells were found predominantly in the BLNG and SCLR 

and sparsely in the CE (Figure 5.4, D, white arrow). Intense immunoreactivity for the 

α1 subunit was seen on the primary and higher order branches of the thin, sometimes 
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varicose, processes and on the perikarya (Figure 5.3, D, F, black arrowheads). The 

dendritic fields of these α1+ cells as seen in 50 μm thick coronal sections were roughly 

circular (150–200 μm), and usually overlapping with at least one nearby type 1 α1+ 

cell and sometimes a type 3 α1 cell (Figure 5.3, A, black arrow). 

In the LA, the type 1 α1+ cells were found within dense fibrous neuropil 

immunostaining and were difficult to spot (Figure 5.3, E). In contrast, the type 1 α1+ 

cells were distinctive in the BL, where they lay within a loose network of α1+ 

processes, mostly from other type 1 α1 cells (Figure 5.3, A). In the SCLR, they are 

mostly found in layer III of the cortical nuclei and in all layers of the transition areas 

(Figure 5.4, E, white arrow). Processes of type 1 α1+ cells could sometimes be seen 

lying across borders between nuclei of the BLA and the SCLR, but they were rarely 

observed to reach far out beyond the dorsal, lateral, and ventral white matter borders 

of the BLNG and SCLR. 

 Type 2 cells showed moderate immunoreactivity for the α1 subunit along 

their thin processes and cell body (Figure 5.2, H'). They were primarily found loosely 

scattered in the PL; type 2 α1+ cells make up 99% of the α1 subunit positive cells in 

the PL and were scattered within diffuse neuropil of the PL and showed low to 

moderate punctate immunoreactivity for the α1 subunit along their processes and 

perikarya membrane (Figure 5.2, H). 

  Type 3 α1+ cells were infrequently observed in the amygdala, usually in 

the BLNG and layers II and III of the nuclei in the SCLR in close proximity with type 

1 α1+ cells (Figure 5.3, A, C, F, black arrows; Figure 5.4, D, E, black arrows). These 

cells had intense α1 subunit immunoreactivity along the membrane of the perikarya 

and on their processes. Very few type 3 α1+ cells could be observed in the MEp 
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(Figure 5.4, B, black arrow) and CE (Figure 5.4, D, black arrow). The occasional type 

3 α1+ cell were found in the white matter bordering the amygdala.   

A number of processes immunopositive for the α1 subunit were seen in the 

white matter surrounding the amygdala, crossing the border into the grey matter of 

the amygdala. The cellular origins for these processes were not able to be traced 

within the section. Ventrally, these processes (1–2 μm) were seen stretching between 

the ventral borders of the LA/ PL/BLpv and the anterior head of the hippocampus 

(Figure 5.4, F). Laterally, similar α1+ processes could be seen passing into the white 

matter from the lateral subregions of the LA and becoming denser towards the 

dorsolateral borders along the striated LAdl. Dorsally, thick (3–5 μm) and intensely 

immunoreactive aspiny processes were observed along the borders of the nuclei of 

the BLNG, frequently crossing the borders of the BL and LA well as the CE, ME and 

the ICM. Medially, thick knots of α1+ processes oriented perpendicular to the pial 

surface were observed spanning layer I and part of layer II of the dorsal and ventral 

cortical nuclei (Figure 5.4, A, A') and PHA. 

A few cells immunopositive for the α1 subunit were sometimes observed in the 

white matter bordering the ventrolateral amygdala (Figure 5.3, G). These 

extranuclear cells had the appearance of type 1 α1+ cells and had processes with 

intense punctate staining for the α1 subunit along its processes.  
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Immunoreactivity for the α2 subunit was predominantly seen diffusely in the 

neuropil as in all nuclei of the amygdala except the ME where immunoreactivity was 

lower in intensity and localised to thick processes whose origins cannot be traced 

(Figure 5.5, I). In the BLNG, the α2 subunit was localised to proximal processes of 

cells (Figure 5.5, A, B, C). 

Immunoreactivity for the α2 subunit was localised to two major cell types: 

 There was a much lower intensity of α2 subunit immunoreactivity 

observed on the membrane of the perikarya compared to the proximal and distal 

processes. The perikarya membrane was difficult to distinguish from the surrounding 

neuropil but the cell body could be discerned from the immunonegative cytoplasm 

(Figure 5.5, A', C').  

In the BLNG, the α2+ processes were usually spiny (Figure 5.5, B, black arrowheads) 

or aspiny and straight or slightly curved (Figure 5.5, A', C'), with very intense 

immunoreactivity extending up to 40 μm from the perikarya (tapering from 3 μm to 

2 μm, proximal to distal). On the spiny processes, the α2 subunit was localised to the 

head and stalk of the spines as well as the main dendritic membrane. In the BLi, BLpv, 

and BMmg, a greater proportion of densely spiny processes were observed, taking on 

a more tortuous appearance. These processes did not run into the white matter tracts 

surrounding the BLNG and SCLR and had no obvious orientations, except in the 

PHA where they tended to run perpendicular to the pial surface of the SAS. Intense 

neuropil staining in the PL and the cortical nuclei made the appearance of these α2+ 

processes difficult to discern. 
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 These α2+ cells were found in the LAdm as well as in the CE (Figure 5.5, 

D, E, F). Punctate α2 subunit immunoreactivity was observed along its perikarya 

membrane and proximal processes. The processes of these cells became 

indistinguishable from the surrounding intensely immunoreactive neuropil. 

α2 subunit immunoreactivity outside the boundaries of the amygdala was not 

observed on the ventrolateral and ventral medial borders. 
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Immunoreactivity for the α3 subunit was found primarily in the intercalated 

nuclei where dense patches of fibrous neuropil were intensely labelled (Figure 5.7, 

A–D). Throughout the rest of the amygdala, moderately intense immunoreactivity 

for the α3 subunit was localised to puncta scattered in the diffuse neuropil (Figure 

5.6, A', B', C, E). The BLmgd, PCOd, layer II of the PCOv, and the AHI exhibited more 

intense labelling of the neuropil. Immunonegative perikarya were visible in these 

regions. 

Immunoreactivity for the α3 subunit was localised to four major cell types and two 

extra-amygdala cell types: 

 Type 3 cells immunopositive for the α3 subunit were found infrequently 

throughout the BLA, SCLR, and the CE (Figure 5.6, D). These cells sometimes had 

moderate to intense intracellular labelling at the perikarya, and very scattered 

punctate labelling along the membrane of the perikarya and the proximal processes. 

 Type 4 cells moderately immunopositive for the α3 subunit were more 

easily distinguished in the regions with lower neuropil immunoreactivity such as the 

BLpv, BMpv, and LAvl (Figure 5.6, B, B'). The α3 subunit was localised to the 

perikarya membrane and along its primary processes as well as on higher order 

branches (Figure 5.6, B, black arrowheads). Type 4 α3+ cells have moderately 

immunoreactive, aspiny and very spiny segments of primary processes (Figure 5.6, 

A', B', C', black arrowheads). These segments of α3+ processes could be traced back 

to α3+ perikarya of pyramidal morphology (Figure 5.6, C, black arrow). 
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 Type 5 α3+ cells had moderate, punctate α3 subunit immunoreactivity 

along the membrane of its perikarya and proximal processes (Figure 5.6, E, F', G'). 

They were found in the CE, LAdm, MEp, and occasionally in the lateral white matter 

border of the LA and the icm. These cells were more easily distinguished with α3 

subunit staining compared to α2 subunit staining due to the lower levels of α3 

subunit immunoreactivity in the surrounding neuropil. Some of these α3+ cells were 

localised to the borders CEm and CEl (Figure 5.7, G) with α3+ processes that run 

parallel to the white matter border. 

 The α3 subunit was intensely immunoreactive on the perikarya of type 6 

cells in the ICM (Figure 5.7, A', B', C'). The α3 positive perikarya was surrounded by 

a dense network of intensely immunoreactive neuropil, making the processes of these 

cells hard to discern. 

α3+ processes with no traceable perikarya were found in the white matter 

borders of the amygdala (Figure 5.7, E, F, G). These lie predominantly outside the 

grey matter of the amygdala in distinct patches of fibrous neuropil. The α3 subunit 

was also intensely immunoreactive on diffuse patches of processes along the pinched-

in lateral border of the LAvl (Figure 5.7, E) as well as between the striated islands of 

the dorsolateral lateral nucleus. 

These α3+ cells were localised to the borders CEm and CEl (Figure 5.7, G). The α3 

subunit labelled on the perikarya membrane and on its primary processes in punctate 

manner. 

In the icm and medullary lamina, the α3 subunit labelled with moderate 

intensity on the membrane of the perikarya and its spiny primary processes that 

mingled with the intensely labelled processes in the immediate area (Figure 5.7, E, F).  
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β2,3 subunit immunoreactivity was localised to the neuropil and on distinct 

cellular populations in the amygdala (Figure 5.8). In the BLNG and SCLR, the dense 

labelling of the β2,3 subunit in the neuropil made cells difficult to discern (Figure 5.8, 

D), but patches of immunonegative spaces representing perikarya could be 

distinguished among the neuropil. 

Immunoreactivity for the β2,3 subunit was localised to four major cell types: 

Type 1 β2,3+ cells were found in the BLNG , SCLR, and infrequently in 

the CEm (Figure 5.8, A–D, F'). Immunoreactivity for the β2,3 subunit was localised to 

patches on the perikarya where labelling was moderate to intense (Figure 5.8, B, C). 

The thin processes showed punctate β2,3 labelling, which was more intense in on type 

3 β2,3+ cells in the BLmgd (Figure 5.8, B). The β2,3+ dendritic fields of these cells were 

roughly circular and overlapped with neighbouring β2,3+ type 1 and type 3  

Labelling for the type 2 β2,3+ cells in the PL was localised to the perikarya 

membrane and the thin processes with moderate intensity.   

The β2,3 subunit was intensely immunoreactive along the membrane of 

the perikarya as well as the proximal processes and higher order branches (Figure 5.8, 

E). Type 3 β2,3+ cells were seen in the BLNG (excluding the PL) and in layers II and 

III of the nuclei in the SCLR. These type 3 β2,3+ cells were scattered across the nucleus 

but were occasionally seen in close proximity (Figure 5.8, E). 

 In the ICM, these type 6 cells exhibited intense β2,3 subunit 

immunoreactivity on the ovoid perikarya but the processes could not be discerned 

among the densely β2,3 subunit-immunoreactive neuropil. 

 Processes that labelled with the β2,3 subunits could be seen in the white 

matter between the ventral amygdala (PL/LA/PLpv) and the hippocampus, 
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perpendicular to the borders of these regions (Figure 5.8, G). Punctate labelling on 

thick fibres lying on the white matter borders of the CE, ME, and BLmg was also 

observed to cross over the border of these nuclei. These fibres could not be traced to 

any immunopositive perikarya. 
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Immunoreactivity for the γ2 subunit was found throughout the amygdala in the 

neuropil and on distinct cell populations in the human amygdala. In the LA, BLmgd, 

BM, and layer II of the cortical nuclei, γ2 subunit immunoreactivity labelled diffusely 

and moderately intense in the neuropil (Figure 5.9, D, E), making cell processes 

difficult to discern. In the CE,  

Immunoreactivity for the γ2 subunit was localised distinctly to three cellular 

populations in the amygdala. 

γ2 immunoreactivity was localised to puncta on the perikarya membrane 

and proximal processes of the type 1 cells in the BLNG (Figure 5.9, B, white arrow) 

and layers II and III of the SCLR nuclei. The processes of type 1 cells showed low to 

moderate immunoreactivity for the β2,3 subunit compared to the intensely 

immunoreactive perikarya.  

 The γ2 subunit was localised to the membrane of type 3 cell perikarya and 

on their proximal processes (Figure 5.9, C). The immunoreactivity for these cells along 

the processes decreased distally. Type 3 γ2+ cells were found in the BLNG and layers 

II and III of the SCLR nuclei (Figure 5.9, H). 

 In the BLNG and SCLR, the γ2 subunit was localised to spiny (Figure 5.9, 

D, black arrowheads) or aspiny (Figure 5.9, E) processes of type 4 cells. These γ2+ 

processes were typically straight and the immunoreactivity measured for up to 40 

μm along the membrane before the immunoreactivity reduces distally and the 

process becomes difficult to discern in the surrounding neuropil. On the spiny 

processes, the γ2 subunit was localised to the head and stalk of the spines as well as 

the main dendritic membrane. These processes did not run into the white matter 

bordering the BLNG and SCLR and had no obvious orientation in their layout (Figure 

5.9, A, black arrowheads). Type 4 γ2+ cells with intensely labelled processes were 
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scattered throughout the BLNG (excluding the PL) and layers II and III of the SCLR. 

Occasionally, a type 4 cell with moderately immunoreactive perikarya and proximal 

dendrites could be observed in the BL distinctly from the background neuropil 

immunoreactivity (Figure 5.9, G). 
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As detailed in the previous section with single-labelling immunoperoxidase, 

there is a large overlap of GABAA receptor subunit expression on the different cell 

types within the various nuclei of the amygdala. To determine the association of 

GABAA receptor subunits α1, α2, α3, β2,3, and γ2 on cells in the amygdala, double- 

and triple-labelling immunofluorescent staining and imaging was undertaken using 

the protocol described in section 3.5.2. Using confocal laser-scanning microscopy, 

which allows imaging tissue at a single 2-dimensional plane, the expression of 

GABAA receptor subunits could also be seen in more distinct detail compared to 

brightfield microscopy on the full depth of the 50 μm-thick sections used. In addition 

to the immunofluorescent labelling of GABAA receptor subunits, the lipofuscin 

profile of the cell types was also examined and detailed as an aid to identification and 

delineation of cells (Braak & Braak, 1983). 

 

Type 1 cells were immuno-positive for the α1, β2,3, and γ2 subunit (Figure 5.8, 

A–I). There perikarya and proximal dendrites were largely immuno-negative for the 

α2 subunit (Figure 5.9, B–D). Under fluorescence microscopy, these cells had little to 

no lipofuscin in the perikarya (Figure 5.8, C, F, I) which was almost completely filled 

by the nucleus (Figure 5.8, C, F, I, blue) 

Type 1 cells co-labelled intensely for the α1 and β2,3 subunits (Figure 5.8, A–C ) along 

their proximal processes in a dense, punctate pattern. These subunits labelled 

intensely on the perikarya membrane in a net-like pattern with patches of immuno-

negative labelling (Figure 5.9, A, white arrow) The α1 and γ2 subunits (Figure 5.8, D–

E) as well as the β2,3 and γ2 were also co-labelled on type 1 cell perikarya and 

dendrite membranes in a similar punctate appearance. γ2 subunit labelling was 
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found intracellularly (Figure 5.8, E, H) and along segments of perikarya membrane 

that did not co-label with the β2,3 subunit (Figure 5.8, H, magenta arrowhead). 
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Type 2 cells were immuno-positive for the α1 and β2,3, subunits (Figure 5.10, A, 

B, D). Though labelling of the γ2 subunit on cells was not discerned easily among the 

neuropil with immunoperoxidase staining and imaging (see Section 5.8), CLSM could 

identify positive γ2 labelling on type 2 cells. Under fluorescent microscopy, these cells 

had small amounts of densely aggregated lipofuscin spread around the cell body 

(Figure 5.9, white asterisk). 

Type 2 cells co-labelled for the α1, β2,3, and γ2 subunits in loosely spread puncta 

along the membrane of the perikarya and proximal dendrites (Figure 5.10, A–D).  

 

Type 3 cells were immuno-positive for the α1, β2,3, and γ2 subunits (Figure 5.11). 

These cells were negative for the α2 subunit (Figure 5.11, E–G). These cells had large 

granules of fluorescent lipofuscin granules aggregated in the cell body, usually in one 

mass. 

Type 3 cells co-labelled intensely for the α1, β2,3, and γ2 subunits (Figure 5.11, A–C ) 

along its perikarya membrane. 
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Type 4 cells were immuno-positive for the α2, α3, β2,3, and γ2 subunits (Figure 

5.12, 5.13). Type 4 cells were not immuno-positive for the α1 subunit at the perikarya 

and proximal dendrites (Figure 5.13, E–G). These cells had diffuse masses of 

fluorescent lipofuscin spread around the perikarya or, in the BLmg (Figure 5.12, A–

C, white asterisk), in a single mass polarised to one side of the cell.  

The proximal segment of one primary process of these cells is co-labelled intensely 

for the α2, α3, β2,3, and γ2 subunits on the base process as well as on the mushroom-

like spines that cover the tapering process (Figure 5.12, D–E; Figure 5.13, A–D). The 

α3 (Figure 5.13, D, green arrowhead) and γ2 (Figure 5.12, G, yellow arrowhead) 

subunits appear to label on the head of spines that are immuno-negative for the α2 

and β2,3 subunits. 

The perikarya membrane of these cells labelled for the α2 subunit at very low 

intensity (Figure 5.12, A, white arrow) while the α3 subunit labelled intracellularly 

with only a few puncta on the perikarya membrane that co-labelled with the α2 

subunit (Figure 5.12, C). 
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Type 5 cells were immuno-positive for the α2, α3, and β2,3 subunits (Figure 5.14, 

A–D). The perikarya and proximal dendrites for these processes did no label for the 

α1 and γ2 subunits. These cells are mostly devoid of lipofuscin fluorescence. 

The α3 subunit labelled intracellularly in type 5 cells (Figure 5.14, C). The α2 subunit 

was also labelled intracellularly with less intensity than it's labelling along the 

perikarya membrane (Figure 5.14, A). Along the perikarya membrane, isolated 

puncta were co-labelled for the α2, α3, and β2,3 subunit (Figure 5.14, D). The α3 and 

β2,3 subunit were immuno-negative on α2 subunit immuno-positive spots along the 

membrane (Figure 5.14, D). Labelling for the α2, α3, and β2,3 subunits was seen in 

the nucleus of type 5 cells.   

 

Type 6 cells were immuno-positive for the α3, and β2,3 subunits (Figure 5.14, E–

G). These cells had no or small masses of fluorescent lipofuscin granules in their cell 

body. The perikarya and proximal processes of type 6 cells did no label with the α1, 

α2, and γ2 subunits. 

The α3 and β2,3 subunits were co-labelled intensely in isolated puncta along the 

perikarya membrane (Figure 5.14, G). Many α3 subunit immuno-positive puncta 

along the parikarya membrane did no co-label with the β2,3 subunit (Figure 5.14, E, 

G, green arrowhead). 
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Glutamate decarboxylase (GAD) is an enzyme found in GABAergic cells that 

converts glutamic acid to GABA (Section 2.2.2). Vesicular glutamate transporter 

(VGAT) transports GABA into vesicles for release at synaptic terminals (Section 2.2.2). 

Type 1 (Figure 5.15, A–C), type 2 (Figure 5.15, D–F), and type 3 (Figure 5.15, G–I) cells 

were immuno-positive for GAD65/67. All three cell types expressed GAD65/67 intensely 

in the cytoplasm and less intensely in the nucleus (Figure 5.15, C, F, I). 

Type 4 cells were immuno-negative for GAD65/67 in the proximal processes and 

perikarya (Figure 5.1, A–C). Numerous GAD65/67 puncta were observed contacting the 

outside of the GABAA receptor subunit-labelled perikarya membrane (Figure 5.16, A–

C, white arrowheads). No prominent GAD65/67 labelling was seen in contact with the 

spiny segment of the proximal process of type 4 cells which were intensely labelled 

for the α2 subunit (Figure 5.16, A–C , black arrowhead). Conversely, intense VGAT 

labelling was observed in close proximity around these processes and in between 

their spines (Figure 5.16, D–F, white arrowheads). 
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 For the α1 subunit, all combinations of calcium-binding protein (CBP) expression 

was identified across the various regions sampled (Table 5.1). CBPs are expressed in 

by the inhibitory interneuron population of the mammalian amygdala, and they have 

been used in literature to mark out distinct subtypes of inhibitory neuron in the 

rodent BLNG (see Section 2.1.2.2). In this study, the prevalence of each combination 

is expressed as a percentage of the total number of α1+ cells. 

 The predominant CBP combination expressed was α1+/CB+(/PV-/CR-). In the LA, the 

proportion of these cells increases from dorsolateral (9.8%) to ventromedial (30.5%). 

The opposite is seen for the α1+/PV+(/CB-/CR-) cells, where the expression decreases 

from dorsolateral (15.7%) to ventromedial (3.39%). The percentage of α1+/CB+ cells 

increases from the LA towards the BM. α1+ cells that expressed a combination of all 

three was rarely seen and largely confined to the BL and PL. Similarly, CB and CR 

were not often seen together in combination in α1+ cells, and α1+ cells that only 

expressed PV or both PV and CB were largely confined to the BLNG.  

None of the three CBPs were observed to co-localised with type 1 α1+ cells, or cells 

that expressed α2 or α3 subunits., and most α1+ cells observed were type 2 or type 3 

cells (Figure 5.17, E, black arrow and white arrow).  
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This chapter details the cellular and subcellular expression of GABAA receptor 

subunits α1, α2, α3, β2,3, and γ2 in the neurologically normal human amygdala using 

immunohistochemistry and high-resolution imaging. The α1 subunit was found 

expressed along the perikarya and dendritic membranes of a heterogeneous 

population of cells in the BLNG and SCLR which also expressed GAD65/67 (type 1, type 

2, type 3 cells) as well as a combination of parvalbumin (PV), calbindin (CB), or 

calretinin (CR) (type 3 cells). The α2 and α3 subunits were found on spiny segments 

of dendrites within the BLNG and SCLR while the α2 was also found on aspiny 

proximal processes of putative pyramidal-like neurons (type 4 cells). In the CMA, the 

α2, α3, and β2,3 subunits were co-expressed on the perikarya of medium-sized type 

5 cells. In the ICM, the α3 and β2,3 subunits were co-localised to the perikarya of type 

6 cells. Both α2 and α3 subunits were rarely co-expressed with the α1 subunit while 

the β2,3 and γ2 subunits were almost always expressed with either of the α subunits.  

 

Based on cellular co-localisation, the predominant GABAA receptor subtypes 

present in the human amygdala were α1β2,3γ2, α2α3β2,3γ2, and α3β2,3γ2. The most 

abundant receptor in the brain is the α1β2γ2 subtype (Benke et al., 1994; Olsen & 

Sieghart, 2008; Sigel & Steinmann, 2012). Using separate antibodies to label for the β2 

and β3 subunits, Pirker et al. (2000) reported that the β2 subunit was found primarily 

on the perikarya of cells within the CE, BL, PCO, and AHI of the adult Sprague-

Dawley rat amygdala. Translating this to the human amygdala, this data indicates 

that the β2 subunit may be the predominant β subunit present in the cellular GABAA 

receptor subtypes in the human amygdala. Pirker et al., (2000) also noted a great 

abundance of the β3 subunit in the neuropil of the rat amygdala. Indeed, western 
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blotting using human amygdala homogenate (Chapter 3, Figure 3.1, A) detected 

protein bands that correlated with the protein weight of β3 subunits. Thus, the β2 and 

β3 subunits may show compartmentalised expression in the human amygdala, and 

this could be a further avenue for investigation. 

The α3 subunit was often co-expressed with the α2 and β2,3 subunits on the same cell 

(Figure 5.12, C; Figure 5.14, D) but was localised to the intracellular domain and not 

wholly associated the with the α2 and β2,3 subunit on the membrane of type 4 and 

type 5 cells. It is not unusual for GABAA receptor subunits to be localised 

intracellularly. GABAA receptors are known to undergo regulatory endocytosis and 

recycling (Leidenheimer, 2008). Receptor internalization is sometimes enacted as a 

response to injury or other environmental cues in order to alter inhibitory activity and 

neuronal excitability (Leidenheimer, 2008). The intracellular localisation of the α3 

subunit may simply be an indication of receptor recycling or a specific response to 

changes in upstream signalling. 

 

Anatomical studies conducted by H. Braak and Braak (1983) and Tosevski et al. 

(2002) using Golgi–Braitenburg and Golgi–Kopsch staining methods, respectively, 

have each characterised three morphological classes in the BLNG of the human 

amygdala. Using immunohistochemistry, the present study has found that the 

GAD65/67+ type 1 cells that expressed the GABAA receptor α1β2,3γ2 subtype, which 

were the most abundant of the α1+ cellular population, resemble the small, gliaform, 

multipolar type III neurons described by Braak and Braak (1983) and a subclass of 

small type III neurons described by Tosevski et al. (2002). Similarly, the α1β2,3γ2-

expressing GAD65/67+ type 2 and type 3 cells in the present study resemble the large, 

irregularly-shaped, non-pyramidal, multipolar type II neurons described by Braak 
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and Braak (1983) and a subclass of large type III neurons described by Tosevski et al. 

(2002); these neurons resemble local-circuit GABAergic interneurons. The 

α2α3β2,3γ2-expressing GAD65/67- type 4 cells described in this study (Figures 5.12 and 

5.13) resemble the type I neurons as described by Braak and Braak (1983) and 

Tosevski et al. (2002) and are likely glutamatergic projection neurons of the BLNG 

and SCLR. 

Recently, Stefanits et al. (2018) have used immunoperoxidase staining techniques on 

7-μm-thick paraffin-embedded tissue sections to characterise the distribution of 

GABAA receptor subunits in the human amygdala with results that are largely in 

agreement with the results of the present study. The authors reported a 

heterogeneous population of α1+ cells and moderate to high levels of α2 expression 

on isolated cell processes throughout the amygdala. However, they also reported 

high α1 subunit expression on cellular processes within the CE and low α1 expression 

on processes within the CEl. This is in contrast to the present study where a moderate 

expression of the α1 subunit was observed in the neuropil and on distinct cells within 

the CEl, and comparatively low α1 expression was seen on processes within the CEm. 

These differences in α1 cellular expression patterns between these two studies may 

be due to differences in methods for delineation of the CE (this study delineated 

between the CEl and CEm) or to differences in immunoperoxidase techniques of 

using paraffin-embedded 7-μm-sections as opposed to the free-floating 50 μm 

sections used in the present study, where thicker sections would have a higher 

density of immunoreactive processes per area. 

 

Though the present study was unable to neurochemically identify the type 4 

morphologically pyramidal-like neurons that expressed high levels of α2 and α3 

subunits on its proximal processes and very low levels on its perikarya surface, the 
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results are in agreement with evidence in literature which has indicated that α2 and 

α3 subunits are preferentially localised to the axon initial segment (AIS) of principal 

cells in the murine amygdala (Y. Gao & Heldt, 2016; Sorvari, Miettinen, et al., 1996). 

For instance, Gao and Heldt, (2016) examined the clustering pattern of α1, α2, and α3 

subunits in the amygdala of C57BL/6J mice. They reported that α2 and α3 subunits 

are preferentially localised to the aspiny AIS of principal neurons in the BL and likely 

receive strong inhibitory presynaptic input as suggested by their close association 

with VGAT, a finding which was seen for α2+ processes of type 4 cells in the human 

BLNG (Figure 5.16, D–F). Additionally, Sorvari et al. (1996) reported PV+ terminals 

on axon initial segments of pyramidal-like cells in the human LAl. In the BLmg, they 

found PV+ cartridges encasing perikarya and proximal dendrites and spines of 

pyramidal-like cells. These findings were comparative to a similar study carried out 

by Muller, Mascagni, and McDonald (2006) on Sprague-Dawley rats. These authors 

found dendrodendritic contacts between PV+ cells and gap junctions between 

interneuronal axon terminals. However, the present study could not identify this 

pattern of staining. It is likely that the pyramidal-like neurons in the amygdala that 

are in contact with PV+ terminals do not express markers which have been used in 

this study. Given that the β2,3 and γ2 subunit expression likely represents the 

majority of GABAA receptor subunits present, and given that PV+ terminals have 

indicated inhibitory GABAergic activity in the animal amygdala, there is a possibility 

that the receptors on the receiving end of PV terminals may be glycine or GABAA 

receptors. 

Gao and Heldt (2016) also reported preferential α1 subunit expression on AIS in 

C57BL/6J mice, though not to the levels of the α2 or α3 subunits. However, they did 

not co-label the α1 and α2/α3 subunits so it is not known if these are on the same cells 

in the murine amygdala; in the human amygdala, they do not appear to be expressed 

often on the same cell (Figure 5.9 B–D, Figure 5.13, E–G). However, also in the human 
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amygdala, spiny apical dendrites of type 4 cells were also found to be intensely 

stained for α2 and α3 subunits, indicating that these two subunits preferentially 

localise to proximal dendritic segments of neurons in addition to the AIS.  

In the rat amygdala, studies using free-floating immunoperoxidase staining 

techniques have found that the expression of the α2 subunit is high in the neuropil of 

the BL and LA (Fritschy & Möhler, 1995; Marowsky et al., 2004; Pirker et al., 2000). 

Similarly in the mouse amygdala, Hörtnagl et al. (2013) used custom-synthesized 

oligonucleotide probes and found a high level of α2 subunit mRNA in the BL and LA. 

While the α2 subunit may preferentially localise to certain subcellular compartments, 

these data, in conjunction with data from the present study (Chapter 4, high α2 

neuropil expression in the human amygdala), indicate that the α2 subunit may also 

take part in signalling in more distal processes and in extrasynaptic spaces. 

 

The results from the present study on β2,3 subunit expression in the human 

amygdala is in general agreement with findings in the rat and monkey BLNG. 

McDonald (1996), using free-floating immunoperoxidase methods and the same 

antibody clone on paraformaldehyde-fixed 50 μm amygdala tissue sections from 

adult Sprague-Dawley rats and rhesus monkeys, characterised two types of cells in 

both species that express the β2,3 subunits. The study found high β2,3 subunit 

expression on (1) a population of small non-pyramidal neurons with many thin 

aspiny dendrites which made up 97% of stained cells in the rat and 13–15% in the 

monkey, and (2) a population of larger aspiny non-pyramidal cells with few dendrites 

that branched sparsely which made up to 20% of stained cells in the BLmg. The type 

1 and type 2 cells described in the present study resemble both these populations of 

neurons, respectively. However, while the present study has found high expression 

of the β2,3 subunit on singular proximal processes on pyramidal-like neurons in 
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addition to weaker expression on the perikarya, McDonald (1996) found punctate 

expression of β2,3 subunits around pyramidal cell perikarya but no expression on 

proximal processes. 

The γ2 subunit could not be localised to the perikarya or processes in the CE (type 5 

cells) and ICM (type 6 cells) in the human amygdala. The presence of the γ2 subunit 

in the neuropil (Section 4.3.5) indicates that the γ2 subunit could be localised to distal 

cell processes. It is possible that the γ subunit variant localised with the α2, α3, and 

β2,3 subunits in the CE may be the γ1 subunit. In the rat amygdala, the CE is one of 

the few brain regions that express very high levels of the γ1 subunit (Pirker et al., 

2000), and this may also be the case in the human amygdala. 

 

There is a marked compartmentalisation of α subunits in the human amygdala. 

In the BLNG, the α1 subunit is expressed predominantly on GAD65/67+ inhibitory 

interneurons while the α2 and α3 subunits are expressed predominantly on proximal 

spiny and aspiny processes of GAD65/67- cells which are likely the principal projection 

neurons of the BLNG. 
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Alzheimer's disease (AD) is a neurodegenerative dementia which manifests 

clinically as impairments of memory, changes in behaviour, and disturbances in 

emotional processing. The amygdala plays a major role in the consolidation and 

retrieval of emotional memory (LaBar et al., 2003; Richter-Levin, 2004) and is one of 

the first structures in the brain to undergo atrophy in Alzheimer's disease (Cuénod et 

al., 1993; Etsuro Mori et al., 1999; Poulin et al., 2011).  

Little is known about the mechanisms that underlie the neuropsychiatric changes 

that occur in AD. The amygdala, as one of the earliest structures to undergo 

degeneration, has been implicated in the personality changes and mood instability 

that is seen in more than 80% of patients at the end stage of the disease (Lyketsos et 

al., 2011).  

This chapter of the thesis sets out to investigate the changes in GABAA receptor 

subunit expression in the post-mortem human Alzheimer’s disease amygdala. The 

findings detail a significant loss of GABAA receptor subunits across the major regions 

of the amygdala. 
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 To analyse the expression of GABAA receptor subunits α1, α2, α3, β2,3, and γ2,, 

the antibodies bd24, GPα2, Rα3, bd17, and Rγ2 where used with standard 

immunoperoxidase procedures as described in Section 3.4.3. Eight representative 

sections from each control and AD case, sampled at eight matched levels along the 

rostrocaudal axis, were stained for each GABAA receptor subunit, NeuN (neuronal 

cell density), β-amyloid (Aβ; amyloid plaque load), and tau (neurofibrillary tangle 

count) (antibodies detailed in Tables 3.5, 3.6, 3.8, 3.9). To eliminate experimental 

variability between cases, immunohistochemical procedures were run on all cases 

simultaneously with a fixed DAB incubation time. Stained sections were delineated, 

imaged, and processed as described in Section 3.5.3. Regional analysis was 

undertaken using images taken with a 5x microscope objective and 

subregional/cellular analysis was undertaken using a 20x objective (Section 3.5.3). 

Any image that contained a tissue fold or a border between regions was eliminated 

from analysis. All raw images were first converted to greyscale images (24-bit RBG 

colour to 8-bit greyscale, 255 levels of grey), and the look-up table was inverted to 

ensure that high grey level values were associated with positive (dark) staining. A 

threshold was applied to the image based on the mean grey value measured in images 

of no-primary control sections (averaged from three images per section per antibody 

per case). 

 

 The expression of the GABAA receptor subunits α1, α2, α3, β2,3, and γ2 in the 

human amygdala of AD patients and age-matched controls was quantified using 

optical densitometry. Following the image processing described above, a scale for 

area was set, and the raw integrated density (RawIntDen)—the sum of all thresholded 
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grey pixel values on the image and taken as a digital representation of optical 

expression intensity—was measured for each image. For each image, this 

measurement was then normalised by dividing by the thresholded area (Integrated 

Density; IntDen) and then averaged for each region for each case for statistical 

analysis. These final numbers were statistically compared between control and AD 

amygdala regions and subregions. For graphical representation in this thesis, data are 

presented as a percentage of control measurements where the control is set at 100%. 

The non-normalised mean IntDen values and p-values can be found in the Appendix. 

 

 The amyloid plaque load of control and AD amygdala was quantified by their 

area coverage of 50 μm-thick sections imaged under a 20x objective (Section 3.5.3). As 

in Section 6.2.2, stained sections were delineated, imaged, and processed as described 

in Section 3.5.3. Following image processing as describe in Section 6.2.1, a scale for 

area was set, and the thresholded area of staining was measured for each image as 

the positive expression of amyloid. The thresholded areas were averaged per region 

or subregion and then statistically compared between control and AD amygdala. 

The neurofibrillary tangle load was quantified by converting images to 2-bit binary 

after thresholding (see Section 6.2.1) and the number of positively stained tau 

particles was counted using Image J’s “Analyze Particles” command). The number of 

tau+ particles for each image was divided by the scaled area (mm2) of the whole image 

to obtain the number of neurofibrillary tangles per mm2 averaged per region per case. 

The final neurofibrillary tangle loads in each amygdala region was statistically 

compared between control and AD. 
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 The neuronal cell density in the control and AD amygdala was quantified using 

NeuN+ cellular staining imaged for each region under a 20x objective (Section 3.5.3). 

The number of particles was counted using Image J. The number of NeuN+ particles 

for each image was divided by the scaled area (mm2) of the whole image to obtain the 

number of cells per area in mm2. The final neuronal cell density was then averaged 

for each region per case and statistically compared between control and AD. For 

graphical representation in this thesis, data are presented as a percentage of control 

measurements where the control is set at 100%. The non-normalised values of the 

mean number of cells per mm2 in the nuclei of the control and AD amygdala and the 

p-values can be found in the Appendix. 

 

 

 In general, the appearance of the AD amygdala was markedly changed from that 

of the control amygdala. A prominent shrinkage of the amygdala was seen in AD and 

the ventrolateral border of the LA—the border that contacts the tLV at caudal levels—

showed a sunken appearance compared to control (Figure 6.1, 6.3, 6.4). The nuclei 

present at each equivalent of the control and AD amygdala did not always match; the 

PL (Figure 6.3, 6.4, 6.5) was present in more levels in the AD amygdala while the AHI 

appeared at more rostral levels in the AD amygdala (Figure 6.5). The hippocampus 

in AD appeared at a more rostral level than in control (Figure 6.4, 6.5). The tissue of 

the AD amygdala was also spongy in appearance and the white matter borders of the 

nuclei became less distinct in AD compared to control (Figure 6.3, 6.4, 6.5). 
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 The NeuN+ neuronal cell packing density in the AD amygdala was significantly 

reduced in the LA (40%), BL (48%), BM (62%), ACOd (61%), CE (69%), and ME 

(66%)(Figure 6.2, A) with a trend towards a lower neuronal packing density in the 

more medial regions. Decreases in mean cell packing density was also seen in the 

ACOr (56%), ACOv (46%), PCOd (45%), and PHA (39%) though the changes 

were statistically insignificant. 

 

 

 At the macroscopic level, there was a visible increase in β-amyloid (Aβ) staining 

in the medial regions (the SCLR nuclei, BM, and BLpv and LAvl) of the AD amygdala 

compared to control (Figure 6.1, Aβ). Measurement of amyloid load as a percentage 

of area occupied by Aβ staining revealed significantly increased amyloid load in AD 

in the LA, BL, BM, ACOd, ACOv, PCOd, PCOv, and CE (Figure 6.2, B). The regions 

with the highest amyloid load in AD were the ACOd (5.05%), PCOd (5.37%), PHA 

(5.12%), and AHI (5.10%), though the AD PHA and AHI were not statistically 

different to control. Interestingly, the mean amyloid load in the control PHA (5.44%) 

was higher than the mean of the AD PHA (Figure 6.2, B). 

 

 At the macroscopic level, there was no remarkable change observed by eye in tau 

staining between the AD and control amygdala (Figure 6.1, Tau). Quantification of 

the number of NFTs as represented by tau+ staining revealed significantly increased 

number of NFTs per mm2 in the BL, BM, ACOd, ACOv, PCOd, and PCOv (Figure 6.2, 

C). The greatest NFT load was seen in the ACOv and PCOv at 12.8/mm2 and 12.6/mm2 

respectively. 
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Figure 6.2 | Graphs showing regional changes in cell packing density, β-amyloid, 

and tau pathology in the Alzheimer's disease amygdala. 

(A) Graph showing reduction of neuronal cell packing density in the AD amygdala. 

There is a trend towards greater loss of cell density towards the more medial 

structures. 

(B) Graph showing increased β-amyloid plaque load in the AD amygdala. There is a 

trend towards greater pathological load towards the BM and SCLR nuclei. 

(C) Graph showing increased neurofibrillary tangle load in the AD amygdala. 

* p<0.05; ** p<0.01 
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 At the macroscopic regional level, the optical density of the α1 subunit expression 

showed statistically significant reduction in the LA (28.8%), BL (20.9%), PL 

(22.9%), ME (28.3%), and ICM (32.3%) (Figure 6.6, A; Figures 6.3, 6.4, 6.5). 

 

 Significant reduction of the α1 subunit was localised to specific subregions in the 

LA, BL, and PL in the BLNG (Figure 6.8, top), and the MEa. In the AD LA, there was 

a statistically significant reduction in α1 expression in the LAdm (31.3%), LAvl 

(32.5%), and LAvm (35.8) while the LAdl showed no statistical difference from 

control. In the AD BL, significant reduction of the α1 subunit was localised to the 

BLmgd (16.2%), BLmgv (15.8%), BLi (22.8%), and BLpvl (27.7%). In the AD PL, 

a significant reduction in α1 subunit expression was localised to the PLl (25.7%). In 

the AD ME, α1 subunit reduction was localised to the MEa (32.4%) Under high 

magnification brightfield microscopy, there was a visible reduction in neuropil 

staining for the α1 subunit in the LA, BL, and PL (Figure 6.8, A2, B2, C2) compared 

to control; labelling of the α1 subunit on the perikarya was still evident in AD, but 

labelling on the proximal and distal processes of these α1+ perikarya was visibly 

reduced. In the MEa, there was a marked reduction in α1 subunit labelling in the 

fibrous neuropil compared to control (Figure 6.9, A2). 

 

 

 At the macroscopic regional level, the optical density of the α2 subunit showed 

no statistically significant differences in the AD compared to control (Figure 6.6, B). 
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 Signification reduction in α1 expression was localised to the ACOv (18.6%) in 

the AD amygdala compared to control (Figure 6.11, top right). Under high 

magnification brightfield microscopy, is a visible reduction of neuropil labelling for 

the α2 subunit in layer II of the ACOv (Figure 6.11, A2). No significant changes were 

seen in the remaining nuclei, though there is a marked difference in staining pattern 

seen in AD: in the LA, BL, and BM, the staining pattern for the α2 subunit appeared 

more fibrous, with more intense labelling on spiny proximal processes of type 4 cells 

in the BL (Figure 6.10, B2) and on cell perikarya in the BM (Figure 6.10, C2). 

 

 

 At the macroscopic regional level, there was a significant reduction in α3 subunit 

expression in the PHA (13.5%) (Figure 6.6, top). 

 

No significant differences were seen in the α3 subunit in the subregions of the BLNG, 

CMA, and SCLR (Figure 6.12, top; Figure 6.15, A). Labelling of the α3 subunit in the 

PHA showed a more fibrous appearance in AD compared to control (Figure 6.12, A2). 

 

 

 At the macroscopic regional level, significant reduction of β2,3 subunit expression 

was found in the LA (15.7%), BL (18.9%), and ACOr (24.5%) (Figure 6.7, A). 

 

 Significant reduction of the β2,3 subunit was localised to almost all subregions of 

the LA and BL in the AD BLNG (Figure 6.13, top). Significant reduction of the β2,3 

was localised to all four subregions of the LA: the LAdl (11.6%), LAdm (16.3%), 
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LAvl (17.5%), and LAvm (22.5%). In the AD BL, the expression of the β2,3 subunit 

was significantly reduced in the BLmgv (16.4%), BLi (22.4%), BLpvl (21.5%), and 

BLpvm (16.1%). No statistical significance in optical density was seen in the 

subregions of the SCLR and CMA (Figure 6.13, bottom) The staining pattern of the 

β2,3 subunit in the LA (Figure 6.13, A2) and BL(Figure 6.13, B2) appeared more 

fibrous, with visibly reduced staining intensity in the neuropil. The staining on cell 

bodies of type 1 cells in the BL appear intense compared to the background neuropil 

staining of the β2,3 subunit (Figure 6.13, B2). Though the BM did not show statistical 

difference in optical density for the β2,3 subunit in AD, the staining pattern has 

become more fibrous in appearance with numerous patches of immuno-negative 

spaces (Figure 6.13, C2).  

 

 

 

 

 

Figure 6.3 | Photomacrographs of GABAA receptor subunit expression in the 

control Alzheimer's disease amygdala at a representative matched rostral level. 

Photomacrographs of GABAA receptor subunit α1, α2, α3, β2,3, and γ2 expression in 

the amygdala at the rostral level in AD and age-matched control. There is a visible 

reduction in staining intensity of the α1 and β2,3 subunits in the AD amygdala. The 

nuclear borders between the LA and BL, and BL and BM have become less distinct in 

AD, particularly in sections immunostained for the α2, β2,3 and γ2 subunit. 

Scale = 5 mm  
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 At the macroscopic regional level, no significant differences in optical density of 

the γ2 subunit was found in AD (Figure 6.17, B) 

 

 No statistically significant differences in γ2 subunit expression were found in the 

subregions of the BLNG, SCLR, and CMA in AD (Figure 6.14, top; Figure 6.15, C). No 

remarkable changes in staining pattern of the γ2 subunit was observed (Figure 6.12, 

A2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 | Photomacrographs of GABAA receptor subunit expression in the 

control Alzheimer's disease amygdala at a representative matched middle level. 

Photomacrographs of GABAA receptor subunit α1, α2, α3, β2,3, and γ2 expression in 

the amygdala at the middle level in AD and age-matched control. At this level, there 

is a visible reduction in staining intensity of the α1 subunit and β2,3 subunit in the 

AD amygdala. There is a marked shrinkage of the amygdala in AD and the 

ventrolateral wall of the lateral nucleus (LA) that borders the temporal horn of the 

lateral ventricle (tLV) takes on a sunken appearance. 

Scale = 5 mm  





176 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 | Photomacrographs of GABAA receptor subunit expression in the 

control Alzheimer's disease amygdala at a representative matched caudal level. 

Photomacrographs of GABAA receptor subunit α1, α2, α3, β2,3, and γ2 expression in 

the amygdala at the caudal level in AD and age-matched control. At this level, there 

is a visible reduction in staining intensity of the α1 subunit.  

Scale = 5 mm 
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Figure 6.6 | Graphs showing regional changes in optical density of GABAA 

receptor subunits α1, α2, and α3 in the Alzheimer's disease amygdala.  

(A) Graph showing reductions in the optical density of α1 subunit expression in the 

AD amygdala at the regional level.  

(B) Graph showing no statistically significant change in the optical density of α3 

subunit expression in the AD amygdala at the regional level. 

(C) Graph showing changes in the optical density of α3 subunit expression in the AD 

amygdala at the regional level. 

* p<0.05; ** p<0.01 
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Figure 6.7 | Graphs showing regional changes in optical density of GABAA 

receptor subunits β2,3 and γ2 in the Alzheimer's disease amygdala.  

(A) Graph showing reductions in the optical density of β2,3 subunit expression in the 

AD amygdala at the regional level.  

(B) Graph showing no statistically significant change in the optical density of γ2 

subunit expression in the AD amygdala at the regional level. 

* p<0.05; ** p<0.01 
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Figure 6.8 | Graphs and photomicrographs showing reduction in subregional 

optical density of GABAA receptor subunit α1 in the BLNG of the Alzheimer's 

disease amygdala.  

(Top) Graph showing significant reduction in the optical density of α1 subunit 

expression in the AD amygdala at the subregional/cellular level in the BLNG.  

(A) Photomicrographs showing reduction in staining intensity of the α1 subunit in 

the LAvm in AD (A2) compared to control (A1). 

(B) Photomicrographs showing reduction in staining intensity of the α1 subunit in 

the BLmgv on type 1 cells (black arrows) and in the neuropil in AD (B2) compared to 

control (B1). 

(C) Photomicrographs showing reduction in staining intensity of the α1 subunit in 

the PLl on type 2 cells (black arrows) and in the neuropil in AD (C2) compared to 

control (C1). 

Scale = 50 μm; * p<0.05; ** p<0.01 
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Figure 6.9 | Graphs and photomicrographs showing reduction in subregional 

optical density of GABAA receptor subunit α1 in the SCLR and CMA of the 

Alzheimer's disease amygdala.  

(Top left) Graph showing significant reductions in the optical density of α1 subunit 

expression in the AD amygdala at the subregional/cellular level in the CMA.  

(Top right) Graph showing changes in the optical density of α1 subunit expression 

in the AD amygdala at the subregional/cellular level in the SCLR.  

(A) Photomicrographs showing reduction in staining intensity of the α1 subunit in 

the MEa in AD (A2) compared to control (A1). 

Scale = 50 μm; * p<0.05 
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Figure 6.10 | Graphs and photomicrographs showing no changes in subregional 

optical density of GABAA receptor subunit α2 in the BLNG of the Alzheimer's 

disease amygdala.  

(Top) Graph showing no significant reduction in the optical density of α2 subunit 

expression in the AD amygdala at the subregional/cellular level in the BLNG.  

(A) Photomicrographs showing no evident reduction in staining intensity of the α2 

subunit in the LAvm in AD (A2) compared to control (A1). 

(B) Photomicrographs showing a change in staining pattern of the α2 subunit in the 

BLi in AD (C2) compared to control (C1). 

(C) Photomicrographs showing a change in staining pattern of the α2 subunit in the 

BMmg in AD (C2) compared to control (C1). The immunoreactivity for the α2 subunit 

has taken on a more fibrous appearance and cells can be distinguished among the 

intensely labelled dendrites.  

Scale = 50 μm 
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Figure 6.11 | Graphs and photomicrographs showing changes in subregional 

optical density of GABAA receptor subunit α2 in the SCLR and CMA of the 

Alzheimer's disease amygdala.  

(Top left) Graph showing no change in the optical density of α2 subunit expression 

in the AD amygdala at the subregional/cellular level in the CMA.  

(Top right) Graph showing changes in the optical density of α2 subunit expression 

in the AD amygdala at the subregional/cellular level in the SCLR.  

(A) Photomicrographs showing reduction in staining intensity of the α2 subunit in 

layer 2 of the ACOv in AD (A2) compared to control (A1). 

Scale = 50 μm 
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Figure 6.12 | Graphs and photomicrographs showing no changes in subregional 

optical density of GABAA receptor subunit α3 in the BLNG of the Alzheimer's 

disease amygdala.  

(Top) Graph showing no statistically significant changes in the optical density of α3 

subunit expression in the AD amygdala at the subregional/cellular level in the BLNG.  

(A) Photomicrographs showing no evident change in staining intensity of the α3 

subunit in the LAdl in AD (A2) compared to control (A1). The immunoreactivity of 

the α3 subunit has become patchier in appearance. 

Scale = 50 μm 
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Figure 6.13 | Graphs and photomicrographs showing reductions in subregional 

optical density of GABAA receptor subunit β2,3 in the BLNG of the Alzheimer's 

disease amygdala.  

(Top) Graph showing significant reductions in the optical density of β2,3 subunit 

expression in the AD amygdala at the subregional/cellular level in the BLNG.  

(A) Photomicrographs showing reduction in staining intensity of the β2,3 subunit in 

the LAvm in AD (A2) compared to control (A1). 

(B) Photomicrographs showing reduction in staining intensity of the β2,3 subunit in 

the BLi on type 1 cells (black arrows) and in the neuropil in AD (B2) compared to 

control (B1). 

(C) Photomicrographs showing a change in staining pattern of the β2,3 subunit in the 

BMmg in AD (C2) compared to control (C1). Type 1 cells (black arrow) are more 

prominent in appearance in AD (C2). 

Scale = 50 μm; * p<0.05; ** p<0.01 
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Figure 6.14 | Graphs and photomicrographs showing no changes in subregional 

optical density of GABAA receptor subunit γ2 in the BLNG of the Alzheimer's 

disease amygdala.  

(Top) Graph showing no significant change in the optical density of γ2 subunit 

expression in the AD amygdala at the subregional/cellular level in the BLNG.  

(A) Photomicrographs showing no visible change in staining intensity of the β2,3 

subunit in the BMvm in AD (A2) compared to control (A1). 

Scale = 50 μm 
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Figure 6.15 | Graphs showing no change in subregional optical density of GABAA 

receptor subunits α3, β2,3, and γ2 in the SCLR and CMA of the Alzheimer's disease 

amygdala.  

(A left) Graph showing no statistically significant change in the optical density of α3 

subunit expression in the AD amygdala at the subregional/cellular level in the CMA.  

(A right) Graph showing no statistically significant change in the optical density of 

α3 subunit expression in the AD amygdala at the subregional/cellular level in the 

SCLR.  

(B left) Graph showing no statistically significant change in the optical density of β2,3 

subunit expression in the AD amygdala at the subregional/cellular level in the CMA.  

(B right) Graph showing no change in the optical density of β2,3 subunit expression 

in the AD amygdala at the subregional/cellular level in the SCLR.  

(C left) Graph showing no statistically significant change in the optical density of γ2 

subunit expression in the AD amygdala at the subregional/cellular level in the CMA.  

(C right) Graph showing no change in the optical density of γ2 subunit expression in 

the AD amygdala at the subregional/cellular level in the SCLR.  
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This is the first study to detail the changes in expression of GABAA receptor 

subunits α1, α2, α3, β2,3, and γ2 in the nuclei of the human post-mortem Alzheimer's 

disease (AD) amygdala. Using immunohistochemical staining on 50-μm-thick 

fomalin-fixed amygdala tissue sections, significant loss of expression of GABAA 

receptor α1 and β2,3 subunits were found across subregions of the LA and BL of the 

AD amygdala compared to age-matched controls (AMC). Expression of the α1 

subunit was also significantly reduced in the MEa, PLl, and ICM. The expression of 

the α2 subunit was significantly reduced in the ACOv, and the α3 subunit showed 

significant loss in the PHA. In contrast, the BM, CE, MEp, PCOd, PCOv, and AHI did 

not show any significant changes in GABAA receptor subunit expression No 

significant changes in γ2 subunit expression was seen in any nuclei.  

 

A number of post-mortem histochemical studies in the human AD amygdala 

have demonstrated a topological distribution of senile plaques (SPs) and 

neurofibrillary tangles (NFTs), the two pathological hallmarks of AD. Using 

Thioflavin-S as a marker for SPs and NFTs, Brashear et al. (1988) reported a greater 

density and size of SPs towards the medial regions of the human amygdala in AD. 

Using similar methods, Brady and Mufson (1990) found similar results showing that 

the BM, BLpv, and CO contained a greater density of cored/mature plaques, with 

NFTs following a similar distribution pattern in the BM, Me, CO, and medial BL 

(termed BLpvm in the present study). However, while the results of the present study 

are agreeable with these previous two studies, Unger et al. (1991), using Bodian's 

silver method, showed the relative pathological sparing of the LA, BL, BM, CE, ME, 

and PL, which is in contrast to the present study where significantly greater levels of 
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pathology was observed in the BLNG of AD amygdala. This could be accounted for 

by the different staining methods employed between the two studies and the different 

stages of disease within the cases used. The present study has focused on cases at 

more advanced Braak stages which may feature more advanced pathological changes 

than earlier stages. Additionally, these differences could be from individual 

variability between cases. Kromer Vogt et al. (1990) used Thioflavin-S staining to 

semi-quantitatively grade the pathology in 20 cases of AD and their data 

demonstrated a high degree of variability in distribution of pathology between AD 

cases where many of the cases did not follow the medial-to-lateral distribution 

pattern seen in the other studies. They did not find any significant correlations 

between pathology and age of onset or duration of illness. Despite the variability, 

their data demonstrably showed that the BM, BLpv, CO, and PHA had a consistently 

high load of pathology between cases, a finding that is in agreement with data 

obtained in the present study as well as in previous studies. 

Changes in neuronal numbers and neuronal cell packing density have also been 

shown to be more significant in medial regions of the human AD amygdala compared 

to the lateral. By counting cresyl-violet-stained Nissl bodies in 35-μm-thick fomalin-

fixed tissue sections, Herzog and Kemper (1980) found a significant decrease in 

neuronal cell packing density of up to 20% in the CO and CMA and up to 70% 

reduction in neuronal numbers in the ME. The authors did not find significant 

changes for the other major nuclei they examined. Vereecken et al. (1994) counted 

Nissl bodies and found a significant 70% reduction of neuronal numbers in the BM 

and 35% in the LA. The data in the present study show similar medial-lateral patterns, 

with a significant 60% reduction in cell packing density in the BM and up to 64% 

reduction in the ME, 53% reduction in the ACO, a mean 47% reduction in the BL, and 

a mean 38% reduction in the LA. In contrast, Scott, Sparks, Scheff, Dekosky, and Knox 

(1992) corrected for atrophy by dividing the total number of cells per section by the 
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area of the nuclei they were in and found a significant increase in cell packing density 

of up to 35% in the BLmg and CO despite a 54% reduction of total neuronal numbers, 

a finding they attributed to disease-related volumetric atrophy and a 

disporportionate loss of neuropil.  

 

 Interestingly, the significant reduction of GABAA receptor subunits α1 and β2,3 

throughout the AD amygdala as found in the present study did not fall into the same 

medial-lateral pattern as seen for pathology and cell packing density. Of the BLNG, 

the BM, which has shown significant changes in pathology and atrophy, did not show 

significant changes in any of the subunits examined, though a non-significant 23% 

reduction in α1 subunit expression was observed. The LA, BL, and PL, however, 

showed significant decreases in α1 subunit expression (Figure 6.16), while the LA and 

BL showed significant reductions in β2,3 subunit expression (Figure 6.7). Results from 

Chapter 5 indicate that the α1 subunit is extensively co-localised with the β2,3 and γ2 

subunits in the neurologically normal human amygdala while the β2,3 and γ2 

subunits co-localised with all three of α1, α2, and α3 subunits, of which the α1 subunit 

shows almost no co-localisation with α2 and α3. In line with this finding, changes in 

the α1 subunit did not match with changes in the β2,3 subunit across all nuclei, likely 

because of the overlap of co-localisation between the α1 and α2/α3 subunits—α2 and 

α3 subunits did not show an overlap of significant changes in the nuclei of the 

amygdala. 

Significant reduction in the expression of the GABAA receptor subunits, particularly 

of the α1 subunit, has also been reported within other brain regions in AD, including 

the hippocampus and temporal and prefrontal cortices: using immunohistochemistry 

with the bd24 antibody, Mizukami, Ikonomovic, et al. (1998) found reduced neuropil 

expression of the α1 subunit in the CA1, CA2, and prosubiculum of the hippocampus 
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in Braak stage V-VI AD while expression remains unchanged in the dentate gyrus, 

subiculum, and presubiculum. The same authors found no change in β2,3 subunit 

protein expression in the hippocampus in AD across all Braak stages of the disease 

(Mizukami et al., 1997), but measurements of mRNA transcript levels in the AD 

hippocampus revealed a reduction of both β2 and β3 subunit mRNA transcripts 

compared to control, with the β3 subunit transcript showing significant reduction 

between mild and severe Braak stages of the disease (Mizukami, Grayson, et al., 1998). 

When detecting mRNA transcript levels of the α1 subunit using in situ hybridisation, 

Rissman, Bennett, and Armstrong (2004) reported a 25% reduction of α1 subunit 

mRNA in the hippocampus in AD compared to neurologically normal controls. In 

the temporal cortex, Limon et al. (2012) found a reduction of α1 mRNA transcripts 

accompanied by a reduction of α1 subunit protein detected by qualitative RT-PCR. 

In the same study, they also found a reduction in α2, β2, β3, and γ2 subunit mRNA 

transcripts and a reduction in γ2 subunit protein. Also using qualitative RT-PCR, 

Luchetti et al. (2011) found a reduction of α1 subunit mRNA transcript levels in the 

prefrontal cortex, but no change was detected for the γ2 subunit. The results of the 

present study has similarly demonstrated variable changes in GABAA receptor 

subunit expression, suggesting that further factors are at play in the 

neuropathological progression of the disease. 

 

 The results of this chapter has shown a cell and volume loss as well as a loss of 

the α1 and β2,3 GABAA receptor subunits in the BLNG in AD. These findings show, 

for the first time, a reduction in GABAA receptor α1 and β2,3 subunit expression in 

the amygdala in AD, and this is broadly consistent with previously reported 

reductions in α1 and β2,3 receptor subunits in the hippocampus and cortex in AD.
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The results of this thesis are presented in Chapters 4–6. The primary technique 

used to carry out all investigations was immunohistochemistry on post-mortem 

formalin-fixed human brain tissue (materials and protocols are detailed in Chapter 3). 

Chapter 4 details the regional distribution of GABAA receptor subunits α1, α2, α3, 

β2,3, and γ2 in the human amygdala. Chapter 5 details the expression of these GABAA 

receptor subunits on the cellular population within the human amygdala. Chapter 6 

details the expression of these GABAA receptor subunits in the various nuclei of the 

Alzheimer's disease human amygdala. The major results for each chapter are 

summarised below. 

 The α1, α2, α3, β2,3, and γ2 subunits exhibited a heterogeneous distribution 

between the various nuclei and their subregions. The α subunits showed the greatest 

difference in their pattern of expression while the α1, β2,3, and γ2 subunits showed 

a similar pattern of expression to one another. The α1, β2,3, and γ2 subunits were 

expressed in both the neuropil and on distinguishable cell bodies in the BLNG, SCLR, 

and CMA. The neuropil of the LA showed very high expression of the α1, β2,3, and 

γ2 subunits as well as the α2 subunit. In contrast, the BL contained no neuropil 

expression of the α1 subunit, which was instead confined to a subpopulation of cells. 

The α2 subunit was labelled moderately intensely in the neuropil and very intensely 

on cellular processes in the BLNG and SCLR. In the CEl, the α2 subunit was expressed 
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intensely in the neuropil but expression was largely absent in the ME and CEm. The 

α3 subunit was notable in its intense expression in the small intercalated islands 

of cells which lie between the BLNG and CMA. Elsewhere, the α3 demonstrated 

low or no cellular and neuropil expression. 

The predominant GABAA receptor subtypes present in the human amygdala 

were the α1β2,3γ2, α2α3β2,3γ2, and α3β2,3γ2. Receptor subtypes that contain the 

α1 subunit were localised to separate populations of cells than those that contain 

the α2 or α3 subunit. Six main types of cells in the human amygdala expressing α1, 

α2, α3, β2,3, and γ2 subunits have been identified. Type 1, 2, and 3 cells are       

GAD65/67-expressing cells that also expressed α1β2,3γ2 on the surface of the perikarya 

and aspiny proximal processes. These cells were found primarily in the BLNG and 

SCLR, though the type 1 and type 3 cells could occasionally be seen in the CMA. Cells 

that expressed the α1β2,3γ2 subtype predominantly expressed CB, occasionally in 

conjunction with PV. Type 4 cells were also found in the BLNG and SCLR. These cells 

were GAD65/67-negative and had one thick spiny or thin aspiny proximal process that 

labelled intensely for α2α3β2,3γ2. However, it is noted that the α3 and γ2 subunits 

were often localised to the head of different spines than the α2 and β2,3 subunits. 

These spiny processes were closely associated with VGAT and CB fibres. The type 5 

cells were found in the CE and expressed α2β2,3 on the perikarya membrane while 

the α3 subunit was localised intracellularly. Type 6 cells expressed α3β2,3 and were 

localised to the ICM. 
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Significant loss of GABAA receptor subunits was found in the AD human 

amygdala. In particular, the α1 and β2,3 subunits showed extensive loss in the 

subregions of the LA and BL (Figure 7.1). Expression of the α1 subunit was 

significantly reduced in the MEa, PLl, and ICM. Expression of the α2 subunit was 

significantly reduced in the ACOv, and the α3 subunit showed significant loss in the 

PHA. Conversely, the BM, CE, MEp, PCOd, PCOv, and AHI did not show any 

significant changes in subunit expression. No significant change of γ2 subunit 

expression was seen in any nuclei examined. 
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The mammalian amygdala is comprised of cytoarchitecturally and 

neurochemically distinct nuclei that can be divided into cortical-like (the basolateral 

nuclear Group (BLNG) and the superficial cortical-like nuclear group (SCLR)) or 

striatal-like (the centromedial amygdala (CMA)) nuclear groups. In the mammalian 

BLNG and SCLR, the majority neuronal class in the amygdala are the pyramidal-like 

glutamatergic projection neurons that make up at least 70% of the neuronal 

population and drive the activity in these regions (H. Braak & Braak, 1983; Tosevski 

et al., 2002). The remaining neuronal population in these two nuclear groups are 

comprised of a diverse group of GABAergic interneurons that control principal 

neuron activity through feedforward and feedback inhibition (Ehrlich et al., 2009). In 

the CMA, the principal class of neurons are GABAergic medium-spiny neurons.  

Previous studies have postulated that, based on regional receptor expression, GABAA 

receptor subunits containing the α1 subunit may be the primary mediators of 

postsynaptic inhibitory activity in the LA while receptors containing the α2 subunit 

plays a similar role in the BL (Marowsky et al., 2004; Wiltgen et al., 2009). However, 

the localisation of these subunits to distinct cell populations within all nuclei of the 

BLNG and SCLR indicate that the GABAergic modulation of activity can be further 

differentiated at the cellular level. The multi-fluorescent labelling experiments 

conducted in the present study (Chapter 5) have determined that the principal and 

interneuron populations of the human BLNG express distinct subtypes of GABAA 

receptors as distinguished by their α subunit. The α1β2,3γ2 configuration of GABAA 

receptors are predominantly expressed on GAD65/67+ interneurons of the BLNG 

(Figure 5.15). Putative BLNG principal neurons express the α2β2,3γ2 configuration, 

which is particularly concentrated along a short segment of their first order proximal 

processes (Figure 5.12).  
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BLNG interneurons are a population of neurons that can be subdivided into many 

subtypes based on their morphological, neurochemical, and electrophysiological 

activity. The different subtypes can form functional networks within their type and 

are hypothesized to modulate different aspects of local principal neuron activity 

through innervating different subcellular compartments of the principal neuron 

(Saha et al., 2017). Given the paucity of projections to the BLNG from the CE, the 

major source of GABAergic projections from the amygdala, GABAA receptors 

containing the α1 subunit appear to be in position to primarily mediate activity 

between GABAergic interneurons in the amygdala or the ICM . Meanwhile, the high 

concentration of α2 subunits at the proximal processes—which include thick, spine-

laden dendrites (Figure 5.13, E) and aspiny putative axonal initial segments (AIS) 

(Figure 5.3, C’)—places these receptors in a position to receive GABAergic 

modulation by interneurons for all incoming activity from the distal processes of the 

principal neuron as well as outgoing activity from the principal neuron itself. Thus, 

GABAA receptors containing the α1 and α2 subunit present as two distinct 

pharmacological targets for regulating pathological hyperactivity in the amygdala. 

 The CE is separated broadly into the CEl and the CEm. Though the CE as a whole is 

considered the major output nuclei of the amygdala, the CEm in particular sends 

numerous GABAergic projections out from the amygdala while the CEl primarily 

modulates the activity of the CEm through disinhibition (Ehrlich et al., 2009). Activity 

from the BLNG passes primarily to the CEl where two populations of neurons act 

upon one another to inhibit or disinhibit GABAergic output from the CEm (Duvarci 

et al., 2011). The α2 and α3 subunits are expressed on neurons in both the CEm and 

the CEl (Figure 5.3E, Figure 5.4E), but the CEl shows more intense expression of both 

subunits in the neuropil (Figure 4,7) indicating a greater capacity for inhibitory 

control via cells which express GABAA receptors that incorporate these two subunits. 
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Though the CE does not send many projections back to the BLNG, the ICM, however, 

does (Mańko et al., 2011). The ICM consists of clusters of small GABAergic cells which 

lie in the white matter space between the BLNG and the CE (Figure 4.4, H, I, J). In 

line with reports from previous studies on α3 subunit expression in the human 

amygdala (Stefanits et al., 2018), GABAA receptors which contain the α3 subunit are 

almost exclusively expressed at high density on these cells and their processes (Figure 

5.5; Figure 5.14, E–G). In the rodent amygdala, the ICM are separated into distinct 

clusters that are functionally connected to the BLNG (Mańko et al., 2011; Moga & 

Gray, 1985; Strobel, Marek, Gooch, Sullivan, & Sah, 2015). These cells send inhibitory 

projections to principal projection neurons in the BLNG and act as a further inhibitory 

gate on BLNG principal neuron activity (Strobel et al., 2015). In the rodent amygdala, 

the lateral cluster mediates the inhibition of LA and BL principal neurons while the 

medial cluster receives connections from the BM and sends inhibitory connections 

forward to the CE, effectively acting as an inhibitory gate between the activity 

incoming from the BLNG and the downstream CE (Mańko et al., 2011; Strobel et al., 

2015). Though the α3 subunit is expressed in association with the α2 subunit on spiny 

segments of principal neuron dendrites as well as on cells in the CE of the human 

amygdala (Figure 5.14, A–D), its prominent presence on ICM neurons presents as a 

promising target for pharmacological treatment of disorders that have been linked to 

hyperactivity within the amygdala.  

 

The circuity involved in the acquisition, expression, and extinction of fear are 

perhaps the most extensively studied circuitries in the mammalian amygdala. The 

mechanism of fear has been extensively studied using fear conditioning and has 

involved, in particular, the lateral nucleus (LA) and the central nucleus (CE) (Davis, 

2000). Fear acquisition involves the association of a neutral sensory stimulus or 

contextual cue with an aversive fear-inducing sensory stimulus in the LA so that the 



209 

neutral stimulus, when presented alone, will also induce a fear response. The 

physiological expression of fear, i.e., the fear response, is manifested directly by the 

output activity of the CE to brainstem and hypothalamic centres which can induce 

freezing, analgesia, heightened reflexive responses, increased stress hormone release, 

and other changes in autonomic neuronal activity (LeDoux, 2003). Fear extinction 

involves a separate learning process and a separate cellular pathway in the LA to 

disassociate the conditioned stimulus and the unconditioned stimulus. This process 

is not a permanent one, and the learned fear association can spontaneously re-emerge. 

Though these studies are largely conducted in the rodent, there is strong indication 

that similar circuits are at play in the human brain for non-pathological anxiety as 

well as anxiety disorders such as PTSD (Shin, Rauch, & Pitman, 2006). 

The LA is a key structure in associative learning where converging sensory stimuli 

from the thalamus and cortices are integrated for conditioned fear (LeDoux, Cicchetti, 

et al., 1990; LeDoux, Farb, et al., 1990; Nader et al., 2001). The results of this study 

have shown that while the β2,3, and γ2 subunits show rather homogenous expression 

in the neuropil of the BLNG, the expression of the α1 subunit in the LA is very high 

in the neuropil in comparison to the neighbouring BL (Figure 4.7). Though the α1 

subunit is generally associated with the sedative and anticonvulsive activity of BZs 

(Rudolph et al., 1999), their role in the LA, likely as mediators of activity between the 

inhibitory interneuron population, is crucial for fear acquisition in conditioned fear. 

For example, abolishing GABA activity through GABAA receptors containing the α1 

subunit in mice can enhance auditory fear conditioning, likely through disinhibition 

of the BLNG principal neurons that predominantly express the α2 subunit (Wiltgen 

et al., 2009). 

The α2 subunit is known for the anxiolytic activity of BZs (Rudolph et al., 1999). The 

α2 subunit is expressed at high levels throughout the amygdala of the human, rat, 
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and mouse amygdala, with particularly high neuropil expression in the BLmgd, LAvl, 

and AHI (Figure 4.7). More strikingly, the α2 subunit shows very low levels of 

expression in the ME and CEm in contrast to the CEl which lies just to the side (Figure 

4.7). The CEm is generally considered the principal output station in the fear circuitry, 

whose downstream targets include the hypothalamus, PAG, respiratory centres and 

other brainstem regions that control blood pressure, heart rate, respiratory rate, and 

freezing responses of fear expression (Davis, 2000). Its activity is GABAergic and is 

driven by disinhibition through GABAergic activity from the CEl and ICM. The high 

expression of the α2 subunit throughout the neuropil and on the principal cells in the 

CEl makes it a useful target for modulating the physiological expression of fear 

responses.  

The α3 subunit has also been associated with the anxiolytic activity of BZs (Morris, 

Dawson, Reynolds, Atack, & Stephens, 2006; Rudolph et al., 1999). In the human 

amygdala, the expression of the α3 subunit is localised prominently and almost 

exclusively in the ICM and perinuclear fibres (Figure 5.5). The ICMs are small clusters 

of inhibitory neurons which are found in the white matter tracts that lie between the 

borders of the BLNG and CMA nuclei (Figure 5.5). They function as inhibitory gates 

between the activity from the BLNG to the CE, and their inhibitory projections can 

directly block fear expression from CE output activity in a feed forward manner. 

Furthermore, they also exert strong inhibitory control over principal neurons in the 

LA and BL, both regions which are involved in unconditioned fear as well as classical 

and contextual conditioning through connections with the cortices, thalamus, and 

hippocampus. The high level of expression of GABAA receptors containing the α3 

subunit in the ICM makes them potential pharmacological targets for modulating 

both normal and pathological anxiety.  
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 One of the major findings in this study was the significant reduction of α1 and 

β2,3 GABAA receptor subunit expression in the LA, BL, and PL of the human 

amygdala in moderate to severe stages of AD. Additionally, a reduction in α1 subunit 

expression was seen in the ME and ICM. Expression of the α3 subunit was only 

significantly reduced in the PHA while the α2 subunit showed a significant reduction 

in the ACOv. However, the y2 subunit showed no significant changes in any of the 

nuclei examined (Figures 6.7, 6.14, and 6.15C). 

In AD, fear conditioning may be compromised. The amygdala is one of the primary 

structures involved in fear conditioning as a form of non-declarative memory process 

as well as in pathological disorders such as PTSD (Mahan & Ressler, 2012). The 

amygdala is critical in associating neutral sensory stimuli from the environment with 

aversive effects (fear acquisition) and then mediating the appropriate fear response 

to the stimuli (fear expression). Using a paradigm of auditory fear conditioning which 

pairs a visual cue with an inherently aversive auditory stimulus, Hamann, Monarch, 

and Goldstein (2002) and Hoefer et al. (2008) found no change in fear expression in 

patients classified with probable AD towards inherently aversive stimuli. However, 

Hamann et al. (2002) found that fear acquisition, as measured by a lack of increase in 

skin conductance, which indicates a lack of fear response, was greatly impaired. In 

addition to skin conductance, Hoefer et al. (2008) used voxel-based morphometry to 

correlate the stages of fear conditioning with changes in neuroanatomical volume, 

and no changes in amygdala volumetric correlations were detected. This suggests 

that functional changes in the amygdala may be involved in impaired fear acquisition 

even before profound volumetric changes occur in severe stages of AD. However, a 

disruption in signalling from upstream and midstream processes which pass on 

secondary sensory information to the amygdala cannot be ruled out; the thalamus 

and orbitofrontal cortices as well as the hippocampus, all of which are involved in 
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fear conditioning, have also been shown to undergo degeneration in AD, and the 

disruption of these connections with the amygdala may also contribute to 

impairments in fear acquisition (Aggleton, Pralus, Nelson, & Hornberger, 2016; de 

Jong et al., 2008). 

 

The use of human brain tissue for this study is crucial in bridging the gap between 

our knowledge of the GABAA receptor system in the animal amygdala and the human 

amygdala. This is the first study to detail the cellular expression of GABAA receptor 

subunits in the human amygdala and the first to examine GABAA receptor subunit 

changes in Alzheimer’s disease. However, the nature and limitations of using post-

mortem human tissue should be taken into consideration. Though the protocols used 

to obtain, preserve, dissect, and stain the human brain tissue have been streamlined 

and standardized for optimal tissue integrity, variability between individual cases 

remain. To study the expression of GABAA receptor subunits in Alzheimer’s disease, 

we have obtained a sample of Alzheimer’s disease amygdala from cases which have 

been age and gender-matched to a control sample. Even so, the medication history, 

disease progression, and environmental exposure of these cases cannot be controlled 

for to eliminate variability. 

Furthermore, post-mortem human tissue provides only a snapshot at one stage of the 

disease. Given that both cognitive and neuropsychiatric symptoms manifest early in 

the disease (Arnáiz & Almkvist, 2003; Backman, Jones, Berger, Laukka, & Small, 2005; 

Small, Fratiglioni, Viitanen, Winblad, & Bäckman, 2000), it would be interesting to 

know if the GABAergic system in the amygdala is compromised as early as preclinical 

phases of disease progression before anatomical changes occur. 
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Further experiments are required to assess the source of the loss of the GABAA 

receptor subunits. While there is evidence to suggest that synaptic remodelling occurs 

in the amygdala of the APP/PS1 transgenic mouse model of AD (Knafo et al., 2009), 

it would be interesting to know if changes in GABAA receptor subunit expression is 

due to synaptic remodelling, cell loss, or receptor downregulation. 

Finally, the amygdala resides in a unique position in the human brain where much of 

the ventromedial wall of the BLNG are in contact with the temporal horn of the lateral 

ventricles. The subventricular zone overlying the basal ganglia has long since been 

characterised as a neurogenic zone in the mature brain ((Ming & Song, 2011)). In the 

rat and monkey amygdala, there is evidence to suggest that a similar region may 

reside ventral to the amygdala, and that this region may be active in producing new 

neurons (Bernier, Bédard, Vinet, Lévesque, & Parent, 2002; Jhaveri et al., 2017). If this 

region of neurogenesis in or near the amygdala can be targeted, there is potential to 

stimulate neuronal proliferation to counteract the neurodegeneration. 

 

 The amygdala is one of the most complex structures in the mammalian brain and 

we have yet to elucidate many of its functions. This thesis has detailed the GABAA 

receptor subunit expression profile within the diverse subregions of the human 

amygdala. Furthermore, for the first time, the GABAA receptor subunit expression 

profile in the Alzheimer’s disease amygdala has been examined, and significant 

receptor loss has been noted across numerous subregions of the amygdala. The data 

collated in this thesis represents the steps towards further understanding the 

anatomy of the human amygdala and the neurochemical changes that take place in 

Alzheimer’s disease. 
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