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Chapter 10 

GABAB receptors in neurodegeneration 

Alessandra P. Princivalle 

Abstract 

GABA is the main inhibitory neurotransmitter in the mammalian central nervous system 

(CNS), and acts via metabotropic GABAB receptors. Neurodegenerative diseases are a 

major burden and affect an ever increasing number of humans. The actual therapeutic drugs 

available are partially effective to slow down the progression of the diseases, but there is a 

clear need to improve pharmacological treatment thus find alternative drug targets and 

develop newer pharmaco-treatments. This chapter is dedicated to reviewing the latest 

evidence about GABAB receptors and their inhibitory mechanisms and pathways involved in 

the neurodegenerative pathologies. 

Keywords: neurodegenerative diseases, GABAB receptors, Alzheimer's disease, 

Parkinson's disease, temporal lobe epilepsy, hippocampal sclerosis. 

 

10.1 Introduction 

The GABAB receptor is the main inhibitory receptor in the mammalian brain (Curtis, 1974; 

Krnjevic, 1974). It was first described by Bowery et al. (1980) who used pharmacology 

techniques to identify it, but for almost 20 years afterwards no other study succeeded in 

confirming the presence of this receptor. In 1997 Kaupmann et al. characterized the 

sequence of the receptor gene, transcript, protein, and the molecular structure of the 

receptor. They also demonstrated the presence of alternative splice variants of the GABAB 

receptor; these were different in the N-terminus domain and named GABAB1a and GABAB1b. 

One year later the same group (Kaupmann et al., 1998) and two others (Jones et al., 1998; 

White et al., 1998) demonstrated that this receptor was not fully functional in cells enriched 

with it, and they described a second GABAB receptor gene, transcript, protein, and the 

molecular structure of the mature fully functional receptor. These two proteins have therefore 

been defined as subunits of the fully functional receptor and given the names of GABAB1 and 

GABAB2. The same studies also demonstrated for the first time that, in order for a G-protein 

coupled receptor to be fully functional, it has to work as a dimer composed of these two 

subunits.  In a short period of time other subunits were described (Isomoto et al., 1998) but 

with very minor roles and very low expression. 

After the molecular characterisation of the two main subunits, DNA or RNA probes and 

antibodies became available, or could be produced in order to study the distribution, and the 

level of expression of both the proteins and the transcripts. Thus, many groups began to 

investigate distribution and expression levels of the GABAB receptors. Many of these studies 

were focused in specific areas of the brain and spinal cord in rodents, primates and in 

humans. Animal models of various neurodegenerative diseases were used in order to shed 

light on the structure, expression, and physiological and pathological roles of GABAB 

receptors in these conditions. 
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Electrophysiological and pharmacological evidence demonstrated abnormalities of the 

GABAB receptor in many pathological conditions such as spasticity, epilepsy, anxiety, 

depression and cognitive deficits (Marescaux et al., 1992; Mott et al., 1991, Olpe et al., 

1993; Meeren et al., 2002; Stewart et al., 2009; Gassmannn and Bettler 2012; Castelli and 

Gessa, 2016). Further, more recently, involvement of the GABAB receptor has been 

demonstrated in neurodegenerative diseases such as Alzheimer's (Dal Prà, et al., 2019; 

Tang, 2019), amyotrophic lateral sclerosis (Schumacher, et al., 2019), Huntington's (Rosas-

Arellano, et al., 2018; Rekik, et al., 2011) Parkinson's (Hillman, et al., 2012), essential 

tremors (Paris-Robidas, et al., 2012) and autoimmune encephalitis (Moser, et al., 2018; 

Maureille, et al., 2019). In this chapter the attention is focused on the role that GABAB 

receptors play in epilepsy, and, more specifically, temporal lobe epilepsy associated with 

hippocampal sclerosis TLE-HS. Attention is also given to two major neurodegenerative 

diseases, Alzheimer's (AD) and Parkinson's disease (PD). 

 

 

10.2 GABAB receptor and its effects  

It is well known that GABAB receptors belong to the G-protein coupled (guanine nucleotide 

binding protein) receptor family (Wojcik and Neff, 1984; Hill et al., 1984; 1985; Karbon and 

Enna, 1985; Andrade et al., 1986) and thus, are associated with slow synaptic 

neurotransmission. GABAB receptors were initially identified by their insensitivity to the GABAA 

antagonist bicuculline and their selective activation by (-)baclofen (Hill and Bowery, 1981). 

Later, a number of compounds specific for GABAB receptors were identified, e.g., the 

antagonist 2-hydroxy-saclofen and the class of antagonists named CGP. Activation of GABAB 

receptors produces three major effects: (a) increases in postsynaptic neuronal K+ conductance 

to generate long-lasting inhibitory postsynaptic potentials (Dutar and Nicoll, 1988); (b) 

inhibition of adenylate cyclase activity, leading to a reduction in cAMP levels (Wojcik and Neff 

1984; Hill 1984, 1985; Karbon and Enna, 1985; Andrade et al., 1986; Rascol et al., 1989); (c) 

decrease of membrane Ca2+ flux GABAB receptor activation mediated by G-proteins that are 

members of the pertussis toxin-sensitive family Giα/Goα (Odagaki et al., 2000; Odagaki and 

Koyama, 2001). These actions are discussed separately below. More details about the history 

and structure of the GABAB receptors can be found in Chapters 1 and 2, respectively. 

 

10.2.1 K+ channels  

When activated by an agonist, GABAB receptors increase K+ conductance, producing 

hyperpolarisation of the cell membrane, which has been reported in various brain regions 

including the cortex (pyramidal cells; Connors et al., 1982; Karlsson and Olpe, 1989; Luhmann 

and Prince, 1991), hippocampus (granule cells and interneurons; Fujita, 1979; Misgeld et al., 

1984; Dutar and Nicoll 1988a; Williams and Lacaille, 1992), cerebellum (Schreurs et al., 1992; 

Vigot and Batini, 1997), amygdala (Rainnie et al., 1991) and thalamus (Hirsch and Burnod, 

1987; Crunelli and Leresche, 1991; Dossi et al., 1992).  

It has been reported that in K+ subunit deletion, G protein-activated inwardly rectifying 

potassium (GIRK) channel 2 (GIRK2) mutant mice, in hippocampal neurons, postsynaptic K+ 

currents induced by the GABAB receptor agonist baclofen are reduced or absent, and it was 

demonstrated that deletion of GIRK2 did not involve presynaptic inhibition. Therefore, GIRK-

containing channels were shown not to be responsible for presynaptic effects (Lüscher et al., 

1997). In contrast, a K+ current is shown to be coupled to GABAB receptors on presynaptic 
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terminals in hippocampal cultures (Thompson and Gähwiler, 1992), so changes in membrane 

K+ flux appear to be due to postsynaptic GABAB receptor activation (Saint et al., 1990). 

 

10.2.2 Ca2+ channels 

Baclofen and GABA depress somatic Ca2+ currents not only in peripheral neurons (Dolphin 

and Scott, 1986; 1987; 1990) but also in cultured mammalian hippocampal and cerebellar 

neurons (Huston et al., 1990; Wojcik et al., 1990; Pfrieger et al., 1994). GABAB receptor-

mediated blockage of Ca2+ channels and coupling mechanisms are involved (Scott et al., 

1991).  A reduction of Ca2+ currents can be considered responsible for the depression of 

synaptic transmission by presynaptic GABAB receptors (Huston et al., 1990). 

More recent evidence showed that presynaptic neurotransmitter release is indeed modulated 

by GABAB receptors through Ca2+ channels. Patch clamp measurements from a presynaptic 

terminal indicate that baclofen reduced Ca2+ currents, but had no effect on presynaptic K+ 

currents and this was G-protein dependent (Takahashi et al., 1998). 

 

10.2.3 Inhibition of adenylate cyclase 

GABAB receptor agonists inhibit basal and forskolin-stimulated neuronal adenylate cyclase in 

brain slices (Knight and Bowery, 1996), through a G-protein dependent mechanism that 

results in a reduced level of intracellular cAMP. When GABAB receptors are activated, one α 

subunit is released from the G-protein and interacts with AC to inhibit cAMP formation. The 

G-protein involved has been demonstrated to be G iα/Goα, because ADP-ribosylation of the G-

protein by pertussis toxin blocked any receptor interaction (Asano and Ogasawara, 1986; Xu 

and Wojcik, 1986). The  subunit of the G-protein interacts with K+ and Ca2+ channels, and 

can potentiate -adrenoreceptor-mediated cAMP production (Knight and Bowery, 1996), via 

cross talk mechanisms (Lefkowitz, 1992). More details about the physiology of GABAB 

receptors can be found in Chapter 3. 

 

10.3 GABAA receptors 

GABA acts also through GABAA receptors. GABAA receptors are ligand-gated Cl
-
 ion channels 

generating fast synaptic inhibition (Schofield, 1987; Smith, 1995). GABAA receptors can be 

pharmacologically distinguished by the competitive antagonist bicuculline, they are modulated 

by many therapeutic agents, such as benzodiazepines (BZD), and are a potential drug target 

for a number of neurological disorders. GABAA receptors are widely distributed in the CNS 

(Fritschy and Möhler, 1995). The existence of multiple GABAA receptor subunits has been 

demonstrated by regional differences in affinity and distribution of binding sites for BZD 

receptor ligands (Niddam et al., 1987; Sieghart et al., 1987; Bureau and Olsen, 1990, 1993; 

Ruano et al., 1992).  

 

10.4 GABAB in neurodegenerative diseases 

Neurodegeneration is defined as the progressive atrophy and loss of function of neurons, 

which is present in neurodegenerative diseases. Neurodegenerative diseases are also 

characterized by deposition of proteins, due to a fault in post-translational processing, 

specifically defective proteolysis, leading to overproduction of misfolded proteins. There are 

several such proteins that undergo incorrect post-translational processing; however, for the 

purpose of this chapter only the major proteins involved are considered: tau, amyloid-β (Aβ), 

and α-synuclein. 
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10.4.1 GABAB in Alzheimer's disease 

Alzheimer's disease (AD), as mentioned above, is a neurodegenerative disease described 

for the first time in 1907 by the Bavarian physician and pathologist Alois Alzheimer (1864 – 

1915). Unfortunately, since then, and over a century later, the prevalence of AD has 

tremendously increased. It is now the fifth most common cause of death globally. About 44 

million people worldwide are living with dementia, 70% due to AD (Dumurgier and Sabia 

2020). The main symptoms of AD are: loss of recent memory, disorientation to time and 

place, sometimes antisocial behaviour -“loss of inhibitions”, lack of outward physical signs. 

The symptoms observed are due to the specific regions of the brain affected by 

neurodegeneration, which are the hippocampus and the cortex, where the loss of neurons 

becomes increasingly evident with the progression of the disease (Fig. 10.1). The 

hippocampus is the centre for processing and storing memories, and cortex is the centre for 

high cognitive function built on memories. 

 

 
Figure 10.1.  Brain imaging showing a control brain on the left and a brain affected by Alzheimer's disease on the 

right. (Credit: Queensland Brain Institute, The University of Queensland. qbi.uq.edu.au/dementia) 

 

 

The neuropathological features of AD are extracellular senile plaques made up by amyloid-β 

protein, and intracellular neurofibrillary tangles (NFT) made up of paired filaments and hyper-

phosphorylated tau protein (Fig. 10.2).  
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Figure 10.2. Neuropathological hallmarks of Alzheimer's disease. Post-mortem Bielschowsky silver staining of 

frontal cortex from a patient with Alzheimer's disease, showing the presence of a neuritic amyloid plaque (arrow), 

consisting of aggregated extracellular amyloid β fibrils, and intraneuronal neurofibrillary tangles (arrowheads), 

consisting of hyperphosphorylated tau protein. (Taken from Winblad et al., 2016 with permission from Elsevier 

journals License Number 4947750098122) 

 

The majority of studies on AD are focused on the pathological processing of the amyloid 

precursor peptide (APP) leading to the formation of amyloid-β, the resulting build-up of 

amyloid plaques (Fig. 10.3), and also on the development of the tangles due to hyper-

phosphorylation of the tau protein (Fig. 4). In addition to this, recent evidence has shown that 

GABAB receptors also play a role in the pathology of AD. 

 

 

 

 

 

 

 
Figure 10.3. Schematic representation of the amyloid-plaque formation.  Adapted from 

https://www.biolegend.com/amyloid_precursor_protein  

 

The earliest indications for the role of GABAB receptors in AD emerged from a quantitative 

autoradiography binding study. In this study, a significant decrease of Bmax for GABAB 

receptors was reported in the cortex and hippocampus, especially in the stratum moleculare 

of the dentate gyrus (DG), the stratum lacunosum-moleculare and the stratum pyramidale of 

CA1 (Chu, et al., 1987a; b). Following up from these early findings, it was reported that, in a 

mouse model of colchicine-infused hippocampus, the sensory memory of the mice was 

impaired and also the amount of GABA in the cortex was decreased. Conversely, in mice 

simultaneously treated with colchicine and the GABAB antagonist CGP36742, memory loss 

was not recorded. The researchers of that study therefore concluded that the GABAB 

https://www.biolegend.com/amyloid_precursor_protein
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receptor antagonist CGP36742 could be a treatment for AD (Yu, et al., 1997).  More 

experimental evidence obtained by immunohistochemistry emerged, corroborating the 

differential expression of GABAB receptors in varying stages of AD according to the Braak 

Staging. These data suggested that the expression of GABAB1 is stable in CA1 through all 

the stages of the disease. In contrast, in the initial stages (Braak III/IV) of the pathology, the 

expression of GABAB1 expression is higher in CA2-4, which could be interpreted as a 

compensatory (or self-defending) mechanism where the expression decreases with the 

progression of the disease (Braak V/VI), leading to neuronal death and impairment between 

excitation and inhibition. From these data it can be concluded that the formation of the NFTs 

in the hippocampus initially induces an increased expression and, later, increasing NFT 

accumulation stops the expression of this GABAB receptor specifically (Iwakiri, et al., 2005). 

 

In recent data, rat ex vivo brain sections containing the hippocampus were treated with 

excess Aβ. These data demonstrated that, during the early stage of the disease, amyloid-β 

causes a dysregulation between excitatory and inhibitory neurotransmission, leading to 

disruption of the neuronal network. These changes are significant in the septo-hippocampal 

region, which processes learning and memory, according to oscillatory activity at the 

synapses between fimbria and CA3 (Nava-Meza et al., 2013). This group noted that the 

mechanism of action of amyloid-β was localised at the postsynaptic region and presumably 

linked to GABAB and its K+ and Ca2+ channels via GIRK channels. These data suggest that 

amyloid-β modifies GIRK channels in CA3 pyramidal neurons in a way that is linked to the 

functioning of GABAB in the modulation of the hippocampal circuit. Another study on the 

effect of amyloid-beta (Aβ) on gene expression demonstrated that the level of expression of 

GIRK2, 3, and 4 subunits was decreased, but GABAB receptor expression was unaffected. 

These data corroborate the previous observations showing a relationship between the effect 

of Aβ and K+ channels linked to GABAB receptors (Mayordomo-Cava, et al., 2015).  Another 

study showed that in a rat streptozotocin-induced diabetic (STZ) model of sporadic AD, 

baclofen enhanced memory, again showing a role for GABAB receptors in AD (Pilipenko, et 

al., 2018). One of the latest pieces of evidence that GABAB receptors play a role in AD is the 

link between GABAB/APP and the formation of Aβ, emerging from a study on sequence-

related epitopes in APP with nanomolar affinity for the sushi-domain on the N-terminal site of 

presynaptic GABAB1a receptors. This study demonstrates, by using a proteomics approach, 

a multiprotein complex containing APP, c-Jun N-terminal kinase-interacting protein (JIP) and 

calsyntenin, together with GABAB1a. This multiprotein complex facilitates Aβ formation and 

blocks the axonal trafficking of presynaptic of the GABAB receptor, decreasing its expression 

(Dinamarca, et al., 2019). In a genetic mouse model of AD expressing a chimeric 

mouse/human (Mo/Hu) APP-695 with mutations linked to familial AD (Oh, et al., 2009), the 

use of various immunohistochemical techniques demonstrated a decrease expression of 

GABAB1 in the cell membrane surface of the stratum lacunosum‐moleculare of CA1 

pyramidal cells at 6 months of age. This reduced expression became more pronounced at 

12 months of age and was coupled with an increase of the subunit in the intracellular 

compartment. Further, a reduction of GABAB receptors was observed in the axon terminal 

synapsing pyramidal CA1 cells (Martín-Belmonte, et al., 2020a). The same group 

demonstrated a significant decrease of GABAB receptors in the stratum moleculare of the 

DG, and also in axon terminals synapsing dendritic spines of granule cells, more evident in 

the outer than in the inner molecular layer (Martín-Belmonte, et al., 2020b). 
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All these data taken together, starting from the earliest indication (Chu, et al., 1987) up to the 

most recent data (Martín-Belmonte, et al., 2020a; b), indicate that GABAB receptors, and 

particularly GABAB1a, have a decreased expression in the hippocampus. The reported 

reductions in GABAB expression are specific to the hippocampal subregions; however, it 

seems a general trend extended to CA1, CA3 and DG (which make up the trisynaptic 

circuit). Functionally, due to the decrease of GABAB receptors, there is an augmented 

production of Aβ, because the lack of GABAB receptors promotes the proteolysis of APP.  

This further supports the conclusions that GABAB-mediated synaptic transmission is a major 

contributor in AD and GABAB receptors may be a suitable target for more effective drugs to 

treat AD. All these studies have focused their attention on GABAB1, firstly because its 

expression was higher in the neuronal bodies and proximal dendrites where NFT 

accumulates in AD (Iwakiri et al., 2005). Secondly, GABAB1a has been demonstrated to form 

a complex with APP, whereas GABAB1b does not. Furthermore, the GABAB1a knock-out mice 

model showed a lack "of GABAB axonal transport and deficit in GBR-mediated inhibition of 

glutamate release".  This model also showed that secreted APP functions as a GABAB1a 

ligand to modulate synaptic neurotransmission (Dinamarca et al., 2019; Martín-Belmonte et 

al., 2020). 

10.4.2 GABAB in Parkinson's disease 

Parkinson's disease (PD) is another neurodegenerative disease, described for the first time 

by James Parkinson (1817) in “An Essay on the Shaking Palsy”. PD is also known as 

Paralysis Agitans; it was first called Parkinson's disease by Jean-Martin Charcot in 1884. PD 

affects about 0.1-0.2% of the whole population. The incidence of the disease increases with 

age affecting 1% of people over 60 years of age. The main symptoms of PD are tremor at 

rest, muscle rigidity and bradykinesia. The symptoms observed are due to the specific region 

of the brain affected by the loss dopaminergic neurons: the substantia nigra (SN) (Fig. 10.4).  

 

 

Figure 10.4. Brain images showing a normal postmortem sample on the left and the loss of pigmented neurons in 

the pars compacta of the substantia nigra (SNpc) of a postmortem PD patient on the right (black arrows).  

 

 

The main neuropathological features are Lewy bodies, which contain α-synuclein (Fig. 10.5) 

in the SN and this is exhibited through impairment of voluntary movement (Braak, et al., 

2003).  
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Figure 10.5. Photomicrographs showing the presence of Lewy bodies containing α-synuclein. Taken from 

https://www.alz.org/alzheimers-dementia/what-is-dementia/types-of-dementia/lewy-body-dementia   

When the disease progresses these features spread to the cortex and neocortex (Tysnes, & 

Storstein, 2017). Figure 10.6 below illustrates the whole circuit and the inhibitory and 

excitatory connection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.6. Schematic representation of the nigrostriatal circuit in the physiology and pathology of Parkinson's 

disease.  Adapted from (McGregor, & Nelson, 2019; with permission). 

 

When the dopaminergic neurons in the substantia nigra pars compacta (SNpc) start to 

degenerate, the dopaminergic signal to the caudate and putamen is reduced. The response 

https://www.alz.org/alzheimers-dementia/what-is-dementia/types-of-dementia/lewy-body-dementia
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of the caudate and putamen therefore becomes modified, which results in an overall 

increase in the output of the interior Globus pallidus (GPi). This increase results in the 

inhibition of the thalamus. The thalamic excitatory signal to the motor cortex is diminished, 

thus causing reduced motor control. Also, the subthalamic nucleus (STN) plays a critical role 

in the regulation of movement, and abnormal activity of its neurons is associated with basal 

ganglia motor symptoms (McGregor, & Nelson, 2019). 

The first evidence of involvement of GABAB receptors in PD emerged from 

electrophysiological recordings in neurons isolated from the Globus pallidus (GP) in the 

presence of baclofen. The data showed that the GABAB-mediated effect was present only in 

one of the subtypes of GP neurons with a small soma, and the activation of GABAB 

modulated high-voltage-activated (HVA) calcium currents which may have an impact on the 

basal ganglia circuit (Stefani, et al., 1999).  A 40% decrease in the expression of GABAB 

receptors in the SNpc and in the GPi was reported in a binding study utilising a 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD monkey model (Calon, et al., 2000). 

The same group also demonstrated significant decreases in the mRNAs for GABAB1 (-69%) 

and GABAB2 (-66%) in the SNpc, and that the decreased expression of GABAB1 mRNA was 

related to dopamine (DA) concentration (Calon, et al., 2001). The same group also analysed, 

via binding experiments, the expression of GABAB receptors in human post-mortem 

specimens and found a reduced binding in the putamen and external Globus pallidus (GPe) 

in PD patients compared with controls (Calon, et al., 2003). Also, in a rat model of PD with 

induced lesions of the nigrostriatal pathway, a reduction in GABAB mRNA was reported in 

the SNpc, whereas expression of the GABAB1a subunit was significantly increased in the 

substantia nigra pars reticulate (SNpr), entopeduncular nucleus, and the STN. Since these 

brain parts received reduced GABAergic innervation due to the lesion, this could indicate 

that the increased GABAB1a expression represents a compensatory mechanism (Johnston, & 

Duty, (2003). The fine-tuned localization of GABAB1 receptors was investigated by Smith and 

colleagues (2000), who found an immunopositive signal in the striatopallidal complex in 

neuronal bodies and dendrites, striatal dendritic spine, axons and axon terminals. Analysis of 

GABAB1 receptor distribution via immunogold electron microscopy showed extrasynaptic 

sites on dendrites, spines and somata in the striatopallidal complex, and perisynaptically at 

the synapses in the GP.  

Whole-cell patch-clamp recordings were used to investigate tonic activation of GABAB 

receptors at pre- and post-synaptic levels, and the data indicated a major tonic activation of 

presynaptic GABAB receptors on the STN terminals compared to postsynaptic GABAB 

receptors on STN neurons. Therefore the presynaptic GABAB receptors could be considered 

as a new therapeutic target for treating some of the PD symptoms (Chen, & Yung, 2005).   

It was later demonstrated through the frequency-dependent activation of postsynaptic 

GABAB receptors that the GP regulates the activity of the STN. These results clarify a novel 

way in which burst activity can be generated in the STN, and suggest that the effect of 

GABAB on STN neurons could generate abnormal burst activity in PD (Hallworth, & Bevan, 

2005).  

Further proof of the role that the GABAB receptor plays has come from studies in a rat model 

whereby the nigrostriatal pathway was depleted by treatment with 6-hydroxydopamine, and 

the rats were treated with the GABAB receptor antagonist CGP 56999A. The results showed 
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that the antagonist treatment attenuated the lack of DA in the rat striatum (Enna, et al., 

2006).  

A recently conducted investigation in an MPTP rat model demonstrated that baclofen 

reversed the effect of PD-like induced symptoms (Tyagi, et al., 2015).  Another recent study 

in a mouse model of PD proved that the loss of GABAergic inhibition in the striatonigral 

connection led to motor impairment (Borgkvist, et al., 2015), corroborating once more the 

role of GABAB receptors in PD and moreover how it can be used as a potential drug target to 

treat certain parkinsonian symptoms. 

It has long been established that DA plays a pivotal role in action selection and learning in 

the nigrostriatal pathway. However, any link between DA and GABAB receptors was not 

clearly defined until recently. The DA released into the striatum is influenced by local 

neurons, the majority of which are GABAergic, though it was not clear if it was a direct or 

indirect modulation via cholinergic innervation. Lopes and colleagues (2019) established that 

in the striatum GABA is capable of inhibiting release of DA via both ionotropic and 

metabotropic GABA receptors and that these actions are not mediated by acetylcholine. 

These results also demonstrated a tonic inhibition of DA release by striatal GABA, which 

occurs mainly via GABAB receptors. However, there is still lack of evidence of whether 

GABA receptors are expressed on DA axons (Lopes, et al., 2019). 

Previously, the main neuropathological features of PD were mentioned: Lewi bodies 

containing α-synuclein and their accumulation in the intracellular space are major factors in 

the disease. Emmanouilidou et al., (2016) have examined the molecular pathway of α-

synuclein secretion in mouse nucleus striatum and have found a new synaptic network that 

regulates α-synuclein release. They showed that α-synuclein secretion is a calcium-

regulated mechanism depending on the activation of the sulfonylurea receptor 1 (SUR1), 

which is an inwardly-rectifying potassium ion channel Kir6 subunit that senses intracellular 

levels of the nucleotide ATP. They also demonstrated that modulation of GABA release 

through SUR1 located on GABAergic neurons controls α-synuclein release through 

activation of the presynaptic GABAB receptors. This study suggests that GABA transmission 

via SUR1 in mouse striatum modulates the α-synuclein secretory pathway, providing new 

insights for potential therapeutics to treat PD (Emmanouilidou, et al., 2016). Also, in a 

transgenic drosophila model carrying α-synuclein, it was shown that the transgenic flies 

lacked the capability of climbing, and this action was reversed by providing the drosophila 

with levodopa (L-DOPA_ or a GABAB (but not GABAA) agonist in their food (Hillman, et al., 

2012).   

There have been useful studies directed toward clarification of various mechanisms 

underlying the pathophysiology of PD, of which those involving the role of GABAB receptors 

have been summarized above. Taken together, all the evidence available to date not only 

shows a fundamental role of GABAB receptors in PD, but also that via more recently 

described GABAB receptor innervation and modulation pathways there could be further 

potentials for better targeted therapies which may treat PD symptoms in a more effective 

manner. 
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10.4.3 GABAB in temporal lobe epilepsy  

Different types of epilepsy are classified according to structural etiology referring to 

abnormalities visible on structural neuroimaging such as magnetic resonance imaging (MRI). 

The structural malformations may be acquired or genetic. The majority of focal seizures 

originate in the temporal lobes (Zentner, et al., 1995). 

A well-known form of epilepsy linked with structural malformation is temporal lobe epilepsy 

associated with hippocampal sclerosis (TLE-HS). Temporal lobe epilepsy (TLE) is the most 

common form of focal epilepsy.  About 6 out of 10 people with focal epilepsy have TLE. 

Seizures in TLE start in one point (focus) and then may involve both temporal lobes in the 

brain. TLE is subdivided in two types: mesial temporal lobe epilepsy (MTLE) and neocortical 

temporal lobe epilepsy (NTLE). MTLE encompasses the medial or internal structures of the 

temporal lobe. Seizures often begin in the hippocampus or surrounding area, and account 

for almost 80% of all temporal lobe seizures. NTLE encompasses the outer part of the 

temporal lobe. About 30-40% of patients affected by MTLE-HS are pharmaco-resistant 

(Engel, 2001). When seizures are prolonged and repeated they produce severe neuronal 

loss in the temporal lobe, mostly observed in the hippocampus, entorhinal cortex, amygdala 

and other brain areas (Van Paesschen, et al., 1997; Sutula and Hermann, 1999).  

TLE-HS is not always considered or classified among the classical neurodegenerative 

diseases such as AD or PD. However, neurodegeneration in cornu ammonis (CA) 

subregions (Fig. 10.7), aberrant mossy fiber (MF) sprouting (Sutula et al., 1989), granule cell 

dispersion (Houser, 1990) and astrogliosis (Steinhäuser and Seifert, 2010) have been 

reported in the hippocampus in individuals with TLE-HS. Since the temporal lobe is a major 

cortical structure involved in learning and memory (Halgren, et al., 1991), recurrent 

spontaneous seizures (which are the primary triggering cause of TLE-HS) result in damage 

to this structure and therefore memory is impaired (Helmstaedter, 2002). 

Neurodegeneration associated with TLE-HS has been observed in the human hippocampi 

(Fig. 10.7) and subsequently reproduced in rodent models. It is characterised by affecting 

the so-called trisynaptic circuit (Fig.10.8), specifically CA1 and CA3 subregions of the 

hippocampus, but not the CA2, DG, or subiculum; the neurodegeneration reported is also is 

associated with MF sprouting (Gloor, 1991; Sloviter, 1994).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10.7. Cresyl violet/luxol fats blue stained sections of human hippocampus: a) control specimen; b) 

sclerotic specimen (not in scale). Taken from Princivalle PhD thesis (2003). 

 

 

CONTROL TLE/HS 

a b 



12 
 

This neurodegeneration is accompanied by loss in GABAergic cells and altered expression 

of inhibitory receptor subunits in the DG and other parts of the hippocampal formation 

(Sperk, et al., 2004).  

 

 

 
Figure 10.8. The hippocampal Network: The hippocampus forms a principally uni-directional network, with input 

from the entorhinal cortex (EC) that forms connections with the dentate gyrus (DG) and cornu ammonis CA3 

pyramidal neurons via the perforant path (PP - split into lateral and medial). CA3 neurons also receive input from 

the DG via the mossy fibres (MF). They send axons to CA1 pyramidal cells via the Schaffer collateral pathway 

(SC), as well as to CA1 cells in the contralateral hippocampus via the associational commisural (AC) pathway. 

CA1 neurons also receive inputs directly from the PP and send axons to the Subiculum (Sb). These neurons in 

turn send the main hippocampal output back to the EC, forming a loop. 

Taken from http://www.bristol.ac.uk/synaptic/pathways/  

 

 

Inhibition mediated by GABA has been demonstrated to be reduced in neurons surviving 

hippocampal sclerosis (HS) associated with TLE (Mangan, et al., 1995; Mangan and 

Lothman, 1996). Evoked inhibitory post-synaptic potentials (IPSPs) in neurons from TLE-HS 

samples have been shown to be reduced compared with samples from patients with different 

structural lesions (Isokawa et al., 1991; Knowles et al., 1992).  

In order to account for this finding, a number of research groups proposed different 

hypotheses for the decreased synthesis of GABA: (1) impairment in the GABA transporters 

(GAT) or the glutamate decarboxylase (GAD) enzyme, (2) reduced binding of GABA to the 

two receptor subtypes, GABAA and GABAB, (3) reduced production of the receptors at 

transcriptional or translational level, or (4) post-translational modifications in the hippocampal 

area. More recent evidence emerged showing impairment in GABA (Thomas et al., 2003; 

2005) and GABA transporters (Mathern, et al., 1999; Schijns, et al., 2015). Also GABAA 

receptor subunits were demonstrated to be differentially expressed in both in human TLE-HS 

hippocampal specimens (Loup, et al., 2006) and in animal models (Pirker, et al., 2003; 

Mazzuferi, et al.,  2010), and in the amygdala and the entorhinal cortex of human patients 

(Stefanits, et al., 2019).  

 

Most interesting for the purpose of this chapter is that anomalies in the expression of GABAB 

receptors have been reported both in human TLE-HS and animal models of it. 

GABAB presynaptic receptor function has been demonstrated to be reduced in the DG 

granule cells of both kindled and kainate rat models of epilepsy (Buhl, et al., 1996; Haa, et 

al., 1996). Similar reduction was reported also in CA1 of partially (hippocampus)- or fully 

http://www.bristol.ac.uk/synaptic/pathways/
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(amYgdala)-kindled rats (Asprodini, et al., 1992; Wu, et al., 1997); none of these studies 

reported malfunctions in the GABAB recepotor-mediated post-synaptic potentials. However, 

Mangan and Lothman (1996) observed a reduction in both pre- and post-synaptic GABAB 

receptor function in CA1 neurons in a rat hippocampal-kindling model. The GABAB1 and 

GABAB2 transcript expression patterns have been reported in great detail in the rat 

(Kaupmann, et al., 1997, 1998; Munoz, et al., 1998; Bishoff, et al., 1999; Lu, et al., 1999; 

Benke, et al., 1999; Liang, et al., 2000; Jones, et al., 1998; Kuner, et al., 1999; Ng, et al., 

1999; Clark, et al., 2000) and in human hippocampus (Berthele, et al., 2001; Princivalle, et 

al., 2003). The binding parameters of agonists and antagonists for GABAB receptors have 

also been reported extensively (Billinton, et al., 2001; Princivalle, et al., 2002; Furtinger, et 

al., 2003). GABAB receptors have been demonstrated to be differentially expressed in the 

hippocampus of TLE-HS in rat and mouse models, as well as in human specimens 

(Princivalle, et al., 2001; 2003; Nishimura, et al., 2005;Teichgräber, et al., 2009; Rocha, et 

al., 2015; Sheilabi, et al., 2017).  

Electrophysiological evidence indicated that GABAB receptor expression may be an 

important factor for the onset of ictogenesis in the rat limbic system and, perhaps, in MTLE 

patients (Avoli 2004). Lang and colleagues (2014) demonstrated that GABAB receptors 

regulate hippocampal hyperexcitability by inhibiting CA3 glutamatergic synapses. They 

postulate that positive allosteric modulation of GABAB receptors may be effective in reducing 

seizure-related hyperexcitability. All these data demonstrate the loss of GABAB receptor 

function in TLE in rodents and humans. 

The main common feature emerging from all these pieces of research evidence is that the 

physiological role of GABA and GABAB receptors is to induce hyperpolarization. Later on, 

however, it came up to light that GABA not only has an inhibitory action but could also have 

a depolarizing action, suggesting that GABA transmission is also involved in promoting 

epilepsy (Köhling, et al., 1998; Cohen, et al., 2002). In fact, Kantrowitz and colleagues 

(2004) demonstrated, by using electrophysiological techniques, that GABAB receptors 

regulate the synaptic depolarization to GABA response, and also that blocking of GABAB 

receptors with the specific antagonist CGP 55845A caused the depolarizing GABA response 

to become excitatory and pro-convulsive. Additionally, in very recent years it has been 

demonstrated in a mouse model of TLE that inhibition of presynaptic GABAB receptors has a 

depolarising action on cholecystokinin-positive basket cells [CCK(+) BCs], in the 

hippocampus, specifically in CA3 (Dugladze, et al., 2013).  

All this body of evidence highlights the pivotal role that the GABAB receptor plays in TLE-HS, 

and the latest data particularly corroborate the importance that the reduced expression of 

GABAB receptors has in the pathophysiology of TLE. In the future, studies are needed to 

design, develop and test innovative drugs which can target GABAB receptors, specifically in 

the trisynaptic circuit. 

 

10.5 Conclusions 

It has long been recognised that GABA is the main inhibitory neurotransmitter in the 

mammalian brain and that it acts via the GABAA and GABAB receptors. This chapter has 

focused on the review of the role and mechanisms of action of GABAB receptors in three 

neurological diseases, which appear similar in some aspects and dissimilar in others. They 

are similar because they all show neurodegeneration; they are dissimilar because the 
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cerebral circuits involved in their pathophysiology are different in PD versus AD and TLE/HS, 

and because the main neuropathological features are different. 

Altogether, the GABAB receptor plays a pivotal role in the inhibitory pathway in order to 

control the balance between excitatory/inhibitory signals in the trisynaptic circuit of the 

hippocampus, which has been described and demonstrated to have neuronal loss, in both 

AD and TLE/HS. On the other hand, in PD, GABAB has been shown to modulate 

excitatory/inhibitory signals via more newly described pathways different from the trisynaptic 

circuit. 
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