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Abstract 13 
 14 
Clozapine is the gold-standard agent for treatment resistant schizophrenia but its mechanism 15 

of action remains unclear. There is emerging evidence of the potential role of the GABAB 16 

receptor in the pathogenesis of schizophrenia. It has been hypothesised that clozapine can 17 

mediate its actions via the the GABAB receptor. Baclofen is currently recognised as the 18 

prototype GABAB receptor agonist. There are some potential clinical similarities between 19 

clozapine and baclofen. Indeed, baclofen has been previously proposed for use as an 20 

antipsychotic agent. Our analysis of the X-ray crystal structure of GABAB receptor along 21 

with molecular docking calculations, suggests that clozapine could directly bind to the 22 

GABAB receptor similar to that of baclofen. This finding could lead to a better understanding 23 

of the pharmacological uniqueness of clozapine, potential development of a biomarker for 24 

treatment resistant schizophrenia and the development of more targeted treatments leading to 25 

personalisation of treatment. 26 

 27 
  28 
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Introduction 29 
 30 
Schizophrenia is a severe mental illness, which has a significant lifelong impact on the 31 

individuals affected and their carers [1, 2]. This disorder is characterized by 4 main symptom 32 

categories: positive symptoms (delusions and hallucinations), negative symptoms (lack of 33 

motivation, and social withdrawal),  alterations in neuro-cognition, (difficulties in memory, 34 

attention and executive functioning) and affective dysregulation (depressive and manic 35 

symptoms) [2]. The exact cause of schizophrenia is unknown and is likely multifactorial [2] 36 

involving a combination of neurodevelopmental (hypoxia, maternal infection and maternal 37 

stress), genetic (family history), and environmental factors (urbanicity, migration and 38 

cannabis use). The lifetime prevalence of schizophrenia is 0.3 - 0.66% and incidence is 10.2 – 39 

22.0 per 100,000 person-years [3]. The age of onset of schizophrenia is usually in early 40 

adulthood and the average life expectancy is 12-15 years less than the general population [2]. 41 

Only about 20% of patients with schizophrenia manage to gain employment 42 

[4].Antipsychotic medication is the mainstay of treatment in conjunction with case 43 

management and social rehabilitation. However, approximately only 33% of patients respond 44 

to ‘typical’antipsychotics (e.g. chlorpromazine, haloperidol), which are primarily dopamine 45 

D2 receptor antagonists  [5]. Clozapine is established as the gold-standard treatment for 46 

treatment resistant schizophrenia (TRS) [6,7] and approximately 40% of TRS patients 47 

respond sufficiently to clozapine [5]. 48 

 49 

Clozapine was developed by the Swiss pharmaceutical company Wander in 1956 based on 50 

the chemical structure of tricyclic antidepressants [9]. Though clozapine was initially 51 

hypothesised to be an antidepressant, clinical investigations also demonstrated a neuroleptic 52 

effect. In 1975, a number of deaths due to clozapine-induced agranulocytosis, resulted in the 53 

subsequent worldwide withdrawal of clozapine [10]. However,  a major RCT comparing 54 
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clozapine with chlorpromazine (led by Sandoz and the US FDA) confirmed clozapine to be 55 

significantly more effective in patients who had TRS and were refractory to more than two 56 

neuroleptic agents [11]. On this basis clozapine was thus relaunched in 1988 accompanied by 57 

a strict blood concentration monitoring protocol. Other ‘atypical’ antipsychotic medications 58 

(olanzapine, quetiapine) have subsequently been pharmacologically modelled on clozapine 59 

but none have shown efficacy for TRS. In addition, clozapine has been shown to reduce all-60 

cause mortality in patients with schizophrenia compared to other antipsychotic use [12]. The 61 

effectiveness of clozapine has led to significant research to identify what contributes to 62 

clozapine’s uniqueness, particularly in relation to its neurochemical profile and receptor 63 

interactions. 64 

 65 

Clozapine’s proposed mechanism of action  66 

 67 

The dopamine hypothesis is the most well-known and established neurochemical model of 68 

schizophrenia and clinical response to antipsychotic medication is strongly correlated with 69 

dopamine receptor (D2) occupancy [13]. However TRS patients show no clinical response 70 

even when D2 receptor occupancy is above the therapeutic threshold [14]. These findings 71 

have led to the idea that TRS patients may have neurochemical abnormalities that lie beyond 72 

the dopamine receptor. This is further confirmed by the fact that clozapine has relatively low 73 

D2 receptor occupancy and yet is the only effective agent for TRS [15]. 74 

 75 

Clozapine actually exhibits complex neuropharmacological properties, interacting with a 76 

multiple array of receptors [16].  It was hypothesised initially that clozapine’s atypical 77 

behavior was due to its weak binding affinity to the dopamine D2 receptor and strong affinity 78 

towards the D4 receptor. Further, Meltzer suggested clozapine’s mode of action based on the 79 
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dopamine-serotonin antagonism theory, indicating clozapine’s uniqueness is due to its strong 80 

antagonism for the excitatory serotonin 5-HT2A and 5-HT2C receptors and weaker binding to 81 

D2 receptors [17]. Contrastingly, Kapur and colleagues hypothesised that clozapine’s effect 82 

is neither due to strong blockade of D4, 5HT2 or other receptors but is due to its fast 83 

dissociation from the D2 receptor [18]. Clozapine is also known to block adrenergic α1 and 84 

α2 receptors, histamine H1 receptor, and muscarinic M1-M5 receptors (excluding M4, where 85 

clozapine acts as a partial agonist) [16]. Moreover, glutamatergic sites, especially the NMDA 86 

receptor, have also been implicated in clozapine’s mechanism of action. This complex 87 

receptor profile of clozapine also contributes to a relatively high side effect burden (weight 88 

gain, sedation, postural hypotension, etc.) Thus, the mechanism of clozapine’s unique 89 

efficacy in TRS patients remains obscure. Due to clozapine’s affinity for multiple targets it is 90 

likely that it affects a complex and interconnected neurotransmitter pathways.  91 

 92 

The dopamine hypothesis has dominated theories regarding the pathophysiology of 93 

schizophrenia for more than half a century, however, recent studies highlight that the 94 

causative abnormalities may lie in non-dopaminergic pathways, particularly for TRS, with 95 

emerging evidence implicating the GABAergic system [19, 20]. GABA is the main 96 

neurotransmitter in the GABAergic system, acting as a ligand for GABA receptors. Baclofen 97 

is a prototypic agonist of GABAB receptor.  Binding of baclofen and GABA at the human 98 

GABAB receptor has been recently demonstrated using X-ray crystallography.  99 

 100 

Baclofen - current clinical applications 101 
 102 
Baclofen was introduced into therapeutic use in 1972 and is the main therapeutic agent 103 

approved for use for actions at the GABAB receptor [21]. The most common approved 104 

clinical indication of baclofen is for the treatment of spasticity associated with cerebral palsy, 105 
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multiple sclerosis, stiff-man syndrome and tetanus [21]. The side-effects produced by the 106 

drug when administered systemically include drowsiness, dizziness, nausea, hypotonia, 107 

seizures and muscle weakness. These are often not tolerated by patients, compounded by the 108 

need to administer high doses, due to the poor ability of baclofen to penetrate the blood-brain 109 

barrier. This has been somewhat overcome by the intrathecal administration of baclofen for 110 

the treatment of spasticity. 111 

 112 

Baclofen also has analgesic and anti-nociceptive effects, based on preclinical data [21]. 113 

However, the use of baclofen in clinical settings for analgesia has been limited due to rapid 114 

tolerance and the systemic side effects described above. It is currently recommended in 115 

clinical guidelines as second-line therapy, specifically for the neuropathic pain associated 116 

with trigeminal neuralgia [22]. Baclofen has also been considered to have possible anti-117 

addictive properties and is increasingly used as an off-label treatment for alcohol use 118 

disorders [23]. A recent meta-analysis identifies that baclofen is associated with higher rates 119 

of abstinence when compared with placebo, however there is no superior effect of baclofen 120 

on increasing the number of abstinent days or decreasing heavy drinking or craving. 121 

Baclofen – evidence for use in schizophrenia 122 

Baclofen has been trialled as an experimental treatment for schizophrenia, as first reported in 123 

the Lancet in 1975, by Frederickson [24]. In this non-controlled study of 13 patients with 124 

schizophrenia all showed improvement, with 1 patient making a dramatic recovery (having 125 

not responded to other antipsychotic medication). In this study baclofen was used in addition 126 

to neuroleptic medication. This study lead to further replication efforts within the next few 127 

years, with 2 additional studies showing some positive results. Schopf conducted a pilot study 128 

of 10 patients with chronic schizophrenia, who were described as severely ill, with a 129 

combination of baclofen and neuroleptics; it was reported that 5 patients did not change, 2 130 
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patients showed a questionable improvement and 3 patients showed “a definite slight 131 

improvement” using a global rating scale and Brief Psychiatric Rating scale [25]. Beckmann 132 

treated 21 patients with schizophrenia (severity of psychosis not described) with baclofen 133 

monotherapy [26]. Global clinical impression identified 5 patients as unchanged, 9 patients 134 

had worsened and 7  improved. These are interesting findings given the fact that patients 135 

were not receiving antipsychotic medication yet 33% improved on baclofen monotherapy. 136 

However, 3 other pilot studies of baclofen monotherapy for chronic schizophrenia have been 137 

negative [27-29]. Gulmann conducted the only double-blind trial comparing baclofen against 138 

placebo in 20 patients (10 in each arm) and found no difference after 10 weeks of treatment 139 

with all patients subsequently requiring chlorpromazine rescue treatment. The total number of 140 

patients trialled on baclofen monotherapy for schizophrenia in these 3 pilot studies were 26 141 

with only 1 patient showing a “slight improvement”. 142 

Bigelow [30] reported a trial of baclofen combined with neuroleptics in a population of 9 143 

patients with chronic schizophrenia, who were treatment resistant. None of the patients 144 

“showed major clinical improvement” and their treating clinicians did not feel they could 145 

reduce their maintenance antipsychotic medication. 146 

Due to the above mixed results baclofen has not been trialled as a treatment for schizophrenia 147 

since the 1970s. However, it could be argued that in the 3 non-controlled studies where 148 

baclofen was combined with antipsychotic medication there was 1 positive study, 1 with a 149 

30% response rate and 1 study with no response. Of the 4 studies of baclofen monotherapy 150 

there was a negative outcome, except for the Beckmann study reporting a 33% response rate. 151 

However, it is important to note that most of the studies were non-controlled observational 152 

studies, with a limited sample size making it hard to infer definitive conclusions. It would, 153 

however, have been interesting to speculate if baclofen was targeted as add-on therapy to 154 

antipsychotic medication in a clearly defined population with treatment resistant 155 
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schizophrenia population, whether the outcomes would have mirrored the 30% response rate 156 

seen for clozapine in TRS.  157 

Clozapine and baclofen - improvement in sensory gating and cognitive flexibility 158 

Schizophrenia is characterised by positive symptoms which include perceptual disturbances. 159 

It has been identified that these perceptual disturbances from a neurophysiologic point of 160 

view are related to a sensorimotor gating deficit [31]. This is a cognitive function that enables 161 

pre-attentional information filtering and the detection of perceptual salience. Baclofen has 162 

been shown to counter the disruption of pre-pulse inhibition (PPI) of the acoustic startle 163 

reflex produced by the blockade of NMDA glutamate receptors in rats and mice [32]. PPI is 164 

seen as an endo-phenotype of sensorimotor gating function. Baclofen in animal studies has 165 

been shown to reverse spontaneous gating deficits in juvenile DBA/2J mice a strain that 166 

features antipsychotic-sensitive PPI deficits [32]. Baclofen in this mouse study was as 167 

effective as clozapine in reversing the spontaneous gating deficit and both were more 168 

effective than the typical antipsychotic haloperidol. In clinical human settings, clozapine is 169 

recognised as the most effective antipsychotic medication to improve the sensory gating 170 

deficit seen in patients with schizophrenia [31]. 171 

 172 

Schizophrenia is characterised by deficits in cognitive and behavioural flexibility, which is 173 

related to impairments in the prefrontal cortex [33]. These deficits can lead to maladaptive 174 

perseveration on strategies that will not lead to the desired outcome, which can then 175 

ultimately interfere with activities of daily living. Behavioural flexibility can be assessed in 176 

the laboratory using set-shifting exercises. Baclofen in animal studies has been shown to 177 

enhance set-shifting performance and facilitate behavioural flexibility in animals [33]. 178 

Clozapine similarly has been shown to improve cognitive flexibility in a rat model at low 179 
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doses [34]. (Table 1 shows clinically observed similarities and differences between baclofen 180 

and clozapine).  181 

Clozapine and baclofen can both cause a severe withdrawal psychosis 182 

Clozapine is the antipsychotic medication that has the highest propensity to have a rapid 183 

onset psychosis following its withdrawal [35].  Often the rebound psychosis occurs within 184 

days of ceasing clozapine and is frequently more florid than the original psychotic illness. 185 

This withdrawal psychosis can occur in approximately 20% of patients on clozapine and 186 

interestingly seems to be more common in clozapine responsive patients. Miller [36] argues 187 

that one of the potential criteria for a medication to be considered to be “like clozapine” is its 188 

potential to cause an immediate and severe psychotic relapse upon sudden discontinuation. 189 

There have also been several case reports of baclofen withdrawal psychosis [37-39]. The 190 

psychosis usually occurs within 3 days of ceasing baclofen and is often quite severe and 191 

florid. Upon reinstitution of baclofen the psychosis usually resolves within a few days. Of 192 

particular note, most of the patients experiencing baclofen withdrawal psychosis had no 193 

significant past psychiatric history of schizophrenia or related psychosis. 194 

The aetiology as to why clozapine is more likely to cause a withdrawal psychosis is not 195 

known. It has been hypothesised that it may relate to the cholinergic system, as clozapine 196 

withdrawal psychosis is less likely to occur if a patient is on concomitant anticholinergic 197 

medication. Another proposed hypothesis for a clozapine withdrawal psychosis being more 198 

likely relates to clozapine being only loosely bound to the D2 receptor, from which it rapidly 199 

dissociates, compared to all other antipsychotic medication. 200 

Given that baclofen, a pure GABAB agonist, can cause a withdrawal psychosis in patients 201 

without a significant past psychiatric history, we could speculate that clozapine withdrawal 202 

psychosis could relate to its potential GABAB agonist properties. 203 
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Does clozapine share the anti-addictive, analgesic and anti-spasmodic properties of 204 

baclofen? 205 

Clozapine has possible anti-addictive properties, unlike other antipsychotic medication for a 206 

variety of substances inclusive of alcohol, cannabis and tobacco [40]. In patients with 207 

schizophrenia there is a high rate of nicotine consumption and switching patients to clozapine 208 

can lead to a 30-50% reduction in smoking rates [41]. In an Australian survey of 1049 people 209 

with schizophrenia or schizoaffective disorder, 257 patients taking clozapine (22.4% of total 210 

patient population) after adjusting for diagnosis, illness chronicity participants taking 211 

clozapine had significantly lower odds of current alcohol, cannabis and other drug use despite 212 

similar lifetime odds [42]. The mechanism of action of clozapine’s possible anti-addictive 213 

properties is unknown. We hypothesis that this could possibly relate to clozapine’s GABAB 214 

agonist activity, that it could share with baclofen which has some anti-addictive effects.  215 

GABAergic dysfunction, schizophrenia and clozapine  216 

Gamma-aminobutyric acid (GABA) acts as the key inhibitory neurotransmitter whose main 217 

function is to reduce neuronal excitability in the nervous system. GABAergic neurons 218 

produce GABA, which act on GABA receptors (GABAA and GABAB). Studies show that the 219 

down-regulation of the GABAergic neuron may play a key role in the expression of positive 220 

and negative symptoms of schizophrenia. Morphological changes in the cortical and 221 

hippocampal GABA interneurons have been reported in patients with schizophrenia [43]. In 222 

particular, a decreased density of non-pyramidal cells (GABAergic neurons) in  the anterior 223 

cingulate (layers II –VI) and prefrontal cortex (layer II) was noted in patients [43]. Consistent 224 

findings from post-mortem subjects with schizophrenia show a significant reduction in the 225 

GABA-synthesizing enzyme glutamic acid decarboxylase (GAD67) mRNA in the 226 

dorsolateral prefrontal cortex [44]. GAD67 protein levels were significantly lower in 227 

calcium-binding protein parvalbumin (PV) axon terminals (~50%) in schizophrenia subjects. 228 
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Further, alterations in the prefrontal gamma oscillations due to deficient inhibitory GABA 229 

neurotransmission have been associated with impaired cognition in schizophrenia. A recent 230 

study by Orhan et al. demonstrated marked reduction in cerebrospinal fluid (CSF) GABA 231 

levels in early-stage schizophrenia and its association with symptom severity [20]. Studies 232 

show that clozapine treatment is associated with a marked increase in GABAB-inhibitory 233 

neurotransmission in contrast to un-medicated patients with schizophrenia who demonstrate 234 

reduced GABAergic-inhibitory neurotransmission.  235 

GABAB receptor and schizophrenia 236 

The GABAB receptor is a G protein-coupled receptor (GPCR) found on both ends of 237 

synapses throughout the central nervous system, which play a vital role in inhibitory 238 

neurotransmission [45]. The slow and sustained inhibitory tone of GABAB receptor is due to 239 

a second messenger, G protein (i.e. metabotropic - indirect signal transduction mechanisms 240 

coupled to second messengers), which mediates its response of synaptic inhibition by 241 

increasing potassium permeability in the post-synaptic neuron. This is in contrast with 242 

GABAA receptors, which are ligand-gated channels that mediate the fast-inhibitory action of 243 

GABA [45]. The signalling pathways of the GABAB receptor are linked with one of three 244 

effector proteins viz., G protein-activated inwardly-rectifying K+ channels (GIRK), voltage-245 

gated Ca2+ channels, and adenylyl cyclase [46, 47]. The main downstream effects of the 246 

GABAB receptor are the release of blocked neurotransmitter and hyperpolarisation of neurons 247 

[46, 47].  248 

 249 

Experimental data from animal models and post-mortem schizophrenic subjects show the 250 

involvement of GABAB receptors in the pathophysiology of schizophrenia. Quantitative auto-251 

radiographic analyses demonstrate decreased GABAB expression in both prefrontal cortex 252 

and hippocampus in the animal model of schizophrenia (DBA/2J mice) over the control 253 
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(C57BL/6J mice) [48]. Further, studies in tissue from patients with schizophrenia show 254 

significant reductions in GABAB receptor protein in lateral cerebella and other brain regions 255 

[49, 50]. Immunohistochemical experiments similarly found reductions in GABAB 256 

immunolabeling in hippocampus, prefrontal cortex, inferior temporal cortex, and the 257 

entorhinal cortex of subjects with schizophrenia [49-51]. 258 

 259 

Patients with schizophrenia generally have an impaired ability to filter extraneous sensory 260 

information, making them vulnerable to misperceiving environmental stimuli. One of the 261 

ways to evaluate such impairment is by recording auditory event-related potential P50 262 

response [52]. In healthy controls the P50 waveform is suppressed by the conditioning 263 

stimulus, whereas in patients with schizophrenia there is failure to suppress the P50 response. 264 

Conclusive evidence demonstrates that P50 suppression occurs through cholinergic activation 265 

by the conditioning stimulus, increasing GABAB receptor–mediated inhibitory 266 

neurotransmission to diminish pyramidal neuron firing [52, 53]. Clozapine exhibits a 267 

significant improvement in sensory P50 gating in schizophrenia patients, thus signifying that 268 

enhanced P50 suppression is probably associated with the potentiation of GABAB receptor–269 

mediated inhibitory neurotransmission [19, 52, 53]. 270 

 271 

Similarly, transcranial magnetic stimulation (TMS) studies, which work on the principle of 272 

electromagnetic induction using time-varying magnetic fields, show that patients with 273 

schizophrenia have an altered GABA receptor mediated inhibitory neurotransmission. 274 

Notably, a reduced cortical silent period (CSP), which is a specific GABAB receptor 275 

mediated neurophysiological process and short-interval cortical inhibition (SICI), is noted in 276 

patients with schizophrenia. Patients on clozapine show significantly longer CSP than un-277 
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medicated patients with schizophrenia or patients on other antipsychotic medication [19, 54-278 

56].  279 

 280 

X-ray crystal structures of the GABAB receptor   281 

  282 

The GABAB receptor (GBR) functions as a heterodimer composed of two subunits, GBR1 283 

and GBR2, specialised for different functions [57, 58]. GBR1 binds orthosteric ligands, while 284 

GBR2 couples with G protein [58-60]. Each receptor subunit comprises of three domains; an 285 

N-terminal extracellular domain, a seven-helix transmembrane domain and a cytoplasmic tail. 286 

A complete three-dimensional structure of the GABAB receptor is currently unavailable. 287 

However, the structures of extracellular and intracellular domains have been elucidated, 288 

which throw some light on the molecular basis of ligand recognition. 289 

 290 

As noted above, the extracellular domain of both GBR1 and GBR2 has been resolved using 291 

X-ray crystallography (Figure 1A), and comprises of a Venus flytrap (VFT) module, the 292 

name derived from resemblance with the Venus flytrap plant [57, 58]. The VFT module of 293 

each GBR subunit contains two lobes, LB1 and LB2, joined by three loops on a single end to 294 

form a configuration that can oscillate between open and closed conformations. The 295 

conformational dynamics of GBR1 and GBR2 are different, consistent with their distinct 296 

functional roles. Specifically, orthosteric ligands such as GABA and baclofen bind to the 297 

interdomain crevice of GBR1 VFT, whereas GBR2 VFT, which shows 33% sequence 298 

identity with GBR1 VFT, is not involved in ligand recognition, [57]. Thus, the GBR2 VFT is 299 

always vacant and its interdomain cleft remains open [58]. Notably, the X-ray crystal 300 

structures demonstrate that the apo- and antagonist-bound structures of GBR1 VFT have 301 
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nearly identical conformations and represent a resting open (inactive) state. By contrast, the 302 

agonist bound GBR1 VFT structure shows a closed (active) state conformation [58].  303 

 304 

Binding of agonists to the  GABAB receptor  305 

 306 

The orthosteric ligands of the GABAB receptor are usually derivatives of GABA [47, 61]. 307 

The X-ray crystal structure of agonist (GABA/baclofen)-bound GBR1 VFT shows that a 308 

terminal α-acidic group hydrogen bonds with the LB1 residues Ser 130 and Ser 153, while 309 

the γ-amino group at the other end hydrogen-bonds with His 170 and Glu 349. Trp 65 of the 310 

LB1 domain and two key residues, Tyr250 and Tyr 278, in the LB2 domain that make van 311 

der Waal contact with both GABA and baclofen in the individual X-ray structures. The 312 

difference in the binding of GABA and baclofen to the GBR1 VFT involves a conformational 313 

change in the LB2 residue Trp 278, whereby the orientation of the indole ring of Trp 278 in 314 

the GABA-bound complex is flipped by 170° to accommodate the β-chlorophenyl substituent 315 

of baclofen in the baclofen-bound GABAB structure. Further, baclofen forms aromatic-ring-316 

stacking interactions with Trp 278 in contrast to GABA, which makes van der Waals contact 317 

through its aliphatic backbone.  318 

 319 

Does clozapine bind to the agonist binding site of the GABAB receptor? 320 

 321 

Clozapine is a dibenzodiazepine which is structurally different compared to the known 322 

GABAB receptor agonists GABA and baclofen (Figure 1B). Of note, baclofen is a structural 323 

analog of GABA, with a carboxylate and an amino group. Despite, the differences in 324 

structure, we hypothesise that the overlapping clinical effects of clozapine and baclofen could 325 

be due to its direct interaction with the GABAB receptor, which was demonstrated 326 



 15

experimentally by Wu et al. [62]. The present analysis of the GABAB receptor X-ray crystal 327 

structure and molecular docking of clozapine to the extracellular domain of this receptor 328 

shows that clozapine can bind to the same site occupied by GABA and baclofen. This 329 

strongly suggests that the GABAB receptor can bind ligands of higher molecular mass and 330 

size compared to conventional agonists (GABA/baclofen). In the binding mode shown in 331 

Figure 2A, clozapine is in extensive van der Waals contact with residues of LB1 (Trp65) and 332 

LB2 domain, namely Phe202, Tyr 250, Trp278, Tyr 279. Notably, Trp 278 of the LB2 333 

domain interacts with clozapine, which has been shown to be an important residue for agonist 334 

binding. Overlay of baclofen from the GABAB-baclofen X-ray crystal complex shows that 335 

the chlorophenyl ring of baclofen is in close proximity to the chlorophenyl group of the 336 

tricylic moiety of the clozapine (Figure 2B). This suggests that clozapine may exhibit 337 

binding characteristics similar to baclofen when bound to the orthosteric site of GABAB 338 

receptor. Currently there is no experimental evidence that supports clozapine acting as an 339 

agonist or a partial agonist of the GABAB receptor.     340 

 341 
Does clozapine act as a modulator of GABAB receptor? 342 
 343 
As noted above, Wu et al. recently demonstrated that clozapine acts as a modulator of the 344 

GABAB receptor by facilitating the binding of GABA to the receptor [62].  Thus, it might be 345 

hypothesised that the potentiation observed with clozapine may involve the cooperative 346 

binding of clozapine and GABA thereby increasing the binding affinity of GABA to the 347 

GABAB receptor. Analysis of the X-ray crystal structure and molecular docking additionally 348 

shows that clozapine can occupy a site that is in close proximity to the GABA binding site 349 

(Figure 2C). Specifically, clozapine and GABA occupy distinct sites, separated by residues 350 

Trp 65 and Trp 278 of LB1 and LB2, respectively.  In this binding mode, clozapine is in 351 

close proximity to the aromatic residues Trp65, Trp 278 and Phe 347, as well as several 352 

negatively charged amino acids (Glu 251, Asp 281, Glu 342 and Glu 349) that may 353 
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participate in salt bridge formation or an H-bonding interaction with the protonated amine 354 

group of clozapine. Taken together, molecular modelling suggests that clozapine may directly 355 

bind to the GABAB receptor, either at the agonist binding site or in close proximity to it.  356 

 357 

Antipsychotic response as a means for subtyping schizophrenia  358 

 359 

It has been proposed that schizophrenia could be categorised according to antipsychotic 360 

response as follows; non-clozapine responsive schizophrenia (approximately 67% of 361 

patients), clozapine only responsive schizophrenia (approximately 13% of patients) and ultra-362 

resistant (20% of patients) schizophrenia, based on non-response to clozapine [63,64]. It is 363 

likely that non-clozapine responsive schizophrenia may relate primarily to the dopamine 364 

theory of schizophrenia, given that all antipsychotic drugs are D2 antagonists. We propose 365 

that clozapine only responsive schizophrenia, however, is likely to relate beyond the 366 

dopamine system due to its interaction with other receptors. In this regard, we hypothesise 367 

that a key interaction could be with the GABAB receptor. This GABAB interaction 368 

hypothetically could differentiate clozapine’s clinical  responsiveness for TRS, compared to 369 

all other antipsychotic medications. TRS that responds only to clozapine could be related to 370 

both clozapine’s dopamine and GABAB receptor interaction. Finally we hypothesise that 371 

ultra-resistant (clozapine non-responsive) schizophrenia is likely to involve receptor systems 372 

and interactions beyond both the dopamine (D2) and GABAB receptors (see table 2). 373 

 374 

The above way of classifying schizophrenia has possible implications for developing 375 

biomarkers and tests to facilitate earlier diagnosis and intervention in schizophrenia. It may 376 

be possible to categorise schizophrenia sub-types as dopamine related, both 377 

dopamine/GABAB related and non-dopamine and non-GABAB related, and develop potential 378 
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biomarkers accordingly. For example TMS could potentially be used to determine GABAB 379 

receptor function through the CSP and if clozapine improves the CSP, accompanied by clear 380 

clinical improvement, then this could possibly confirm the GABAB contribution to TRS. It is 381 

important to develop reliable biomarkers for schizophrenia and specifically TRS, because 382 

treatment with clozapine is often significantly underutilised and delayed by several years 383 

[65]. This delay in initiating clozapine is likely to lead to poorer long term clinical and 384 

functional outcomes.  385 

 386 

Conclusion and further research 387 

Experimental and clinical research that could be considered to further validate if clozapine 388 

functions via the GABAB receptor would be to assesss if clozapine shares the anti-spasmodic, 389 

analgesic and anti-addictive properties of baclofen. The important point to note is that 390 

clozapine differs from baclofen in its ability to cross the blood-brain barrier and therefore 391 

could possibly be more effective than baclofen for these clinical conditions, if it acts as a 392 

GABAB receptor agonist as hypothesised. Similar clinical research could also assess if 393 

baclofen is effective in TRS, by being used as an adjunct to atypical antipsychotic medication 394 

(olanzapine, risperidone, quetiapine etc) and comparing this response to clozapine for TRS. 395 

Earlier trials in the 1970s with baclofen were not specifically targeted for the TRS population 396 

and they were mostly small case series without control groups. Additionally, baclofen was 397 

also sometimes used as monotherapy, which we believe is unlikely to work for TRS, because 398 

TRS is likely to involve both the dopamine receptor (baclofen is not a D2 antagonist) and 399 

other receptors (like GABAB). It is also possible that the combination of baclofen and non-400 

clozapine antipsychotic medication may not work as well as clozapine for TRS, due to 401 

baclofen’s limited abilty to cross the blood-brain barrier. Future research identifying and 402 

developing GABAB receptor agonists that can cross the blood-brain barrier would be 403 
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important to improve clinical effectiveness and also reduce the potential side-effect burden, 404 

when compared with baclofen. 405 

 406 
Clinical studies support the overlapping role of baclofen and clozapine in the improvement in 407 

the symptoms of schizophrenia. Given the emerging role of the GABAergic system and 408 

GABAB receptor in the aetiology of schizophrenia, there are currently no small molecule 409 

therapeutics that target specifically to these systems. The X-ray crystal structure and 410 

molecular docking of clozapine in the extracellular domain of the GABAB receptor supports 411 

the recent clinical and experimental findings of the potential direct involvement of clozapine 412 

with the GABAB receptor. The analysis of the GABAB-GABA receptor complex also 413 

suggests the possibility of simultaneous binding of clozapine and GABA leading to 414 

cooperativity. The modulating effect of clozapine towards the GABAB receptor via binding to 415 

the transmembrane domain of GABAB cannot be excluded. The detailed binding mechanism 416 

of clozapine to the GABAB receptor awaits co-crystallisation of  the GABAB–clozapine 417 

complex, which could validate the potential findings proposed in this perspective. Further 418 

research, for example cryogenic electron microscopy (cryo-EM) and site-directed 419 

mutagenesis coupled with ligand binding studies, is warranted to confirm that clozapine binds 420 

to the GABAB receptor. These sudies will provide a novel platform to design new generation 421 

antipsychotics that are receptor specific and support precision medicine.  422 

 423 

Molecular Docking 424 
All molecular docking calculations were performed using Surflex-Dock docking suite [66]. 425 

The three-dimensional (3D) structure of the GABAB receptor (heterodimeric complex of 426 

extracellular domains of GBR1) was obtained from the protein data bank 427 

(http://www.rcsb.org/pdb/home/home.do). Molecular docking of clozapine was performed 428 

using the co-crystal structures of the agonist bound GABAB receptor (PDB code 4MS3 and 429 
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4MS4). The 3D coordinates of the clozapine molecule were obtained from the pubchem 430 

server (https://pubchem.ncbi.nlm.nih.gov/). The molecules were imported into SYBYL 431 

(version X-2.1, CERTARA, Princeton, NJ) and assigned a protonation state at pH 7.4, 432 

calculated using the Calculator Plugins implemented in ChemAxon (Marvin 16.6.20). The 433 

structures were additionally assigned Gasteiger–Huckel partial atomic charges and energy 434 

minimized by Powell's conjugate gradient method using the Tripos force field [67, 68]. A 435 

minimum energy difference of 0.001 kcal/mol was set as the convergence criterion. All 436 

molecular modelling was performed using SYBYL installed on a Linux workstation running 437 

the Red Hat Linux 6.9 operating system. 438 
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Figure and Table legends 616 
 617 
Figure 1 A) X-ray crystal structure of the GBR1bVFT:GBR2VFT complex in the presence of 618 
agonist (R)-baclofen (C atoms in orange spheres) (pdb code 4MS4). The ligand binding 619 
domain LB1 and LB2 of GBR1bVFT are shown in yellow and purple, respectively. The 620 
GBR2VFT is shown in cyan. B) chemical structures of baclofen, GABA and clozapine. 621 
 622 
Figure 2 A) Binding mode of clozapine in the agonist-binding site of the GABAB receptor 623 
structure from molecular docking. The protein structure is shown as a cartoon with ligand 624 
binding domains LB1 and LB2 in yellow and purple, respectively. B) Overlay of baclofen 625 
from the GABAB-baclofen co-crystal structure on the docked conformation of clozapine. 626 
Amino acids important for ligand binding are shown as lines (orange). Clozapine (C atoms 627 
green) and baclofen (C atoms yellow) are shown as sticks with N, O and Cl in blue, red and 628 
green respectively. C) Binding mode of clozapine in the GABAB receptor structure docked in 629 
the presence of GABA (C atoms in magenta). Amino acids important for ligand binding are 630 
shown as lines (yellow and purple). 631 
 632 
Table 1 Clinical similarities and differences between clozapine and baclofen. 633 
 634 
Table 2 Antipsychotic response as a means for subtyping schizophrenia. 635 
 636 
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Figure 1 A) X-ray crystal structure of the GBR1bVFT:GBR2VFT complex in the presence of 
agonist (R)-baclofen (C atoms in orange spheres) (pdb code 4MS4). The ligand binding 
domain LB1 and LB2 of GBR1bVFT are shown in yellow and purple, respectively. The 
GBR2VFT is shown in cyan. B) chemical structures of baclofen, GABA and clozapine.  
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Figure 2 A) Binding mode of clozapine in the agonist-binding site of the GABAB receptor 
structure from molecular docking. The protein structure is shown as a cartoon with ligand 
binding domains LB1 and LB2 in yellow and purple, respectively. B) Overlay of baclofen 
from the GABAB-baclofen co-crystal structure on the docked conformation of clozapine.  
Amino acids important for ligand binding are shown as lines (orange). Clozapine (C atoms 
green) and baclofen (C atoms yellow) are shown as sticks with N, O and Cl in blue, red and 
green respectively. C) Binding mode of clozapine in the GABAB receptor structure docked in 
the presence of GABA (C atoms in magenta). Amino acids important for ligand binding are 
shown as lines (yellow and purple). 
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Table 1 Clinical similarities and differences between clozapine and baclofen. 

   
 
 
 
 
 
 
 
 
 
 
                      
  
 
 
  
  

  Clozapine Baclofen 
Clinical Anti-psychotic 

response  
Yes Unknown 

 Anti-addictive 
properties 

Possible Possible 

 Anti-spasm properties Unknown Yes 
 Analgesic Unknown Possible 

(Trigeminal 
neuralgia) 

Side effects Sedation Yes Yes 
 Seizure induction Yes Yes 
 Withdrawal psychosis Yes Possible 

Neuropsychiatry Sensory gating Yes Yes 
 Behavioural Flexibility Possible  Possible  

Neurochemistry GABAB receptor 
Agonism 

Possible Yes 

 D2 receptor 
Antagonism 

Yes No 



 2

Table 2 Antipsychotic response as a means for subtyping schizophrenia. 
Classification of Schizophrenia % of patients with this sub-type Possible Receptor profile 

Antipsychotic responsive ~67% D2 receptor antagonists 
Clozapine only responsive ~13% D2 receptor antagonists + 

possible action on GABAB 
receptor + ? other receptors 

Ultra-resistant ~20% ? 
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