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1. Introduction 

Purinergic signalling systems have received extensive research attention in both 

physiological and pathological conditions due to the discovery that “cellular energy 

currency” ATP could be released from cell into the extracellular space where it 

communicates with neighboring cells. As one of the most important receptors, ATP-gated 

ionotropic purinergic P2X7 receptor is particularly thought to be relevant to pathological 

conditions due to its low affinity to extracellular ATP. Although the protein and RNA 

expression of P2X7Rs in neurons have been documented in human excitatory neurons 

but not in inhibitory neurons (1), in rat hippocampal pyramidal cells (2), and in mouse 

P2X7R knock-in model (3), the neuronal expression of P2X7Rs and its contribution to 

neurotransmission are still controversial (4, 5). The dentate gyrus (DG), the “gate” of 

classic trisynaptic circuit (6, 7), serves as the important connection station between the 

entorhinal cortex (EC) of the temporal lobe and the rest of the hippocampus regions. 

However, it is unclear whether P2X7Rs express on DG and further participate in the 

regulation of excitatory neurotransmission. Moreover, the DG is subject to the 

development of schizophrenia (SCZ) in both patients and rodents (8-11). Although a few 

studies have reported that genetic ablation and pharmacological inhibition of P2X7Rs 

significantly alleviated phencyclidine (PCP)-induced schizophrenia symptoms (12-15), 

the role of P2X7Rs in PCP-induced neurodevelopment model of SCZ and the 

involvement of DG in this process are still largely unknown. 

 

Therefore, the aim of this work was to investigate the role of axonal terminal P2X7Rs in 

excitatory neurotransmission in mouse dentate gyrus granule cells (DG-GC) and its 

potential mechanisms. In addition, the present study was aimed at investigating whether 

genetically deleted P2X7Rs could alleviate postnatal PCP-induced SCZ-like symptoms 

in mice and how DG synapse (EC-GC) responds to this postnatal PCP treatment. 

 

1.1 Purinergic signaling system 

1.1.1 The general concept of purinergic signalling system 

Adenosine triphosphate (ATP) is recognized as the “energy currency” of the cell. 

However, since the 1920s, compelling evidence has shown that ATP can also be released 
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from the cell into the extracellular space, where it fulfils a variety of physiological roles. 

One important milestone is the identification of ATP or ATP-related nucleotides as 

transmitters released from intestinal nonadrenergic inhibitory nerves in 1970 (16). 

Subsequently, Burnstock first proposed the term "purinergic" in the journal Nature in 

1971 (17). In addition to ATP release from intestinal nonadrenergic inhibitory nerves, a 

study demonstrated that ATP could be also released from excitatory nerves in bladder 

(18). Subsequent experiments uncovered that ATP acts as a transmitter and is released 

through an exocytotic process along with other transmitters such as ACh (acetylcholine) 

(19), NA (noradrenaline) (20), glutamate (21), dopamine (22), γ-aminobutyric acid 

(GABA) (23), and others.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic diagram of the purinergic system is quoted from Huang et al (24). 

Various factors stimulate cells to release ATP from the intracellular to the extracellular 

space through different mechanisms. ATP synthesized in mitochondria is actively 

transported into vesicles by vesicular nucleotide transporter (VNUT) and released via 
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conventional exocytosis process (1). ATP could also be transported directly through the 

transporter (eg., ATP-binding cassette transporters (ABC) transporter) (2) and released 

via connexin (Cx)/pannexin (Panx) channels (3). ATP released into the extracellular 

space is hydrolyzed by ectonucleoside triphosphate diphosphohydrolase (E-NTPD), and 

ecto-5′-nucleotidase (E-5’-NT) to ADP, AMP, and adenosine. Meanwhile, ADP, AMP, 

and adenosine bind to P2XRs, P2YRs, and adenosine receptors (P1 receptors), further 

triggering intracellular signal transduction processes. 

 

Like other neurotransmitters, ATP and ATP-associated nucleotides transmit information 

through receptors. Because ATP can be sequentially hydrolysed to ADP, AMP, and 

adenosine by the exo-nucleotidases, such as ectonucleoside triphosphate 

diphosphohydrolase-1 (E-NTPD-1, aslo known as CD39) and 5’-nucleotidase (CD73) 

(25), two classes of receptors are identified to receive the released ATP (P2 receptors) 

and its breakdown product adenosine (P1 receptors), respectively (26).  To date, there are 

four identified subtypes of P1 receptors (G protein-coupled receptors), including A1, A2a, 

A2b, and A3 (27). In addition to P1 receptors, the P2 receptor family consists of seven 

ligand-gated ion channel P2X receptors (P2X1, 2, 3, 4, 5 6, 7) (28) and eight G protein-

coupled P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14) (29). 

By binding to these receptors, ATP signalling is delivered to the target cell, resulting in a 

biological effect (Figure 1). Here, it is worth noting that exocytosis functions as one of 

the release processes, as ATP can be released directly through connexin /pannexin 

hemichannels and/or by transporters (24). 

 

1.1.2 Purinergic P2X receptor family  

Extracellular ATP molecules activate a variety of membrane surface receptors, including 

G protein-coupled receptors (P2Y receptor family) and ligand-gated ion channels (P2X 

receptor family). Although P2XRs share functional similarities with other ligand-gated 

ion channels, such as ACh and serotonin-gated channels (5-HT3), in terms of ion 

selectivity and channel gating kinetics, their unusual structure implies that P2X receptors 

are a novel class of ion channels gated by ATP. In general, extracellular ligand-gated ion 

channels, such as ACh receptors, 5-HT3, GABAA, and glycine, have four transmembrane 

structural domains (TM1-4) and a long extracellular N-terminus (30). Unlike these 
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receptors, the identification of P2X1R revealed a unique structure for members of the 

P2X receptor family (31). Surprisingly, each subunit of P2XRs cross the cell membrane 

only twice and contain intracellular N and C-termini (31, 32). Based on these unique 

structural features, six additional family members are subsequently identified (P2X2R, 

P2X3R, P2X4R, P2X5R, P2X6R and P2X7R) (28). Another unique property of the P2X 

receptor is that the P2X receptor is a trimer and can form hetero- or homotrimers. For 

example, quantitative real-time PCR analysis and whole-cell patch-clamp methods 

revealed that P2X1R and P2X5R form functional heteromeric P2X1/5 receptors in 

cerebral cortical astrocytes (33). Moreover, the P2X2R and P2X3R subunits can also form 

the heterotrimeric P2X2/3 receptor (27). The activation of P2X2/3 receptors contributes 

to the regulation of chronic pain due to the intermediate desensitisation kinetics of ATP-

induced currents (28). Although the formation of P2X4/7R remains controversial (29-31), 

biochemical and electrophysiological evidence shows that P2X4R and P2X7R interact 

structurally and functionally in HEK cells (32). 

 

1.2 Purinergic P2X7 receptors 

Similar to all other P2X receptors, P2X7R has a common topology containing 

intracellular N and C-termini, two transmembrane structural domains (TM1 and TM2), 

and a large extracellular structural domain (34). In addition to these common features, the 

P2X7R exhibits a distinctive structural characteristic. The intracellular C-terminus 

contains an additional 200 amino acid residues, which are essential for the activation of 

intracellular signalling pathways (35, 36). For example, the novel 1-5-16 Ca2+-dependent 

CaM-binding motif located between residues Ile-541 and Ser-560 has been identified in 

the rat P2X7R C-terminal end to facilitate P2X7R-mediated currents, although current 

facilitation also occurs in a Ca2+/calmodulin-independent manner in human P2X7R (34, 

37). Interestingly, P2X7R has a much lower affinity for extracellular ATP than other P2X 

receptors (38, 39) due to the highly conserved residues in the ATP binding pocket (40, 

41). For example, as a unique residue of P2X7R, the D280A mutant in the left flip-flop 

produces a 15-fold ATP potency (41). Meanwhile, sustained activation of P2X7R further 

increases the permeability to cations (e.g., Na2+, Ca2+, and K+) as well as to some 

macromolecules (e.g., NMDG+ (N-methyl-D-glucosamine))(42-44).  
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In the CNS, P2X7Rs are found to be widely expressed in various brain areas, including 

the frontal cortex, hippocampus, amygdala, and striatum (45). In terms of cell type 

expression, it has been documented that P2X7Rs are abundantly present in microglia, 

astrocytes, and oligodendrocytes. Although the presence of P2X7Rs in neurons remains 

controversial (4, 5), a large body of data shows P2X7R expression in neurons. In situ 

hybridization, P2X7R-positive neurons are found in pyramidal cells from rat 

hippocampal CA1, CA3, and hilar regions, as well as other brain regions (2). Humanized 

mouse P2X7Rs are also detected through the P2X7R knock-in model (3). Recently, single 

nucleus RNA sequencing experiments revealed that P2X7R mRNA is expressed in 

human excitatory neurons but not in inhibitory neurons (1). 

 

1.2.1 The distinct characteristics of P2X7Rs compared to other P2XRs   

Due to its low affinity for ATP, endogenous activation of P2X7R is considered a “danger 

signal” and most research interest has focused on its role in pathological states, including 

Alzheimer's disease (46, 47), Huntington’s disease (48, 49) ， Depression (50), 

Schizophrenia (13-15). The potential mechanisms of P2X7Rs under pathological 

conditions have been well-summarized (51). Various stimuli, such as membrane 

depolarization, mechanical stretch, chemical stimulation, and hypoxia, accelerate the 

release of ATP from the intracellular to the extracellular space. Consequently, excessive 

accumulation of ATP in the extracellular space further activates P2X7Rs expressed on 

neurons and glial cells. Activation of P2X7Rs leads to cell death mainly through the 

following pathways: First, the opening of P2X7Rs directly allows Ca2+ to flow into 

neuronal terminals, increasing the release of neurotransmitters, particularly glutamate. 

Glutamate released in the synaptic cleft activates AMPA and NMDA receptors, leading 

to more Ca2+ influx and eventually cellular excitotoxicity. Secondly, when extracellular 

ATP binds to P2X7R in the glia, the NLRP3-IL-1β inflammatory pathway is activated, 

which in turn results in neuroinflammation. Another common mechanism is oxidative 

stress caused by mitochondrial damage. The excessive reactive oxygen species generated 

by P2X7Rs activation further causes cell death via protein misfolding (51).  

 

However, emerging data emphasizes that P2X7Rs also play an important role in 

physiology. In embryonic cells, upregulation of P2X7Rs maintains cell proliferation but 
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inhibits neural differentiation (52). By the contrary, stimulation of P2X7Rs in neural 

progenitor cells (NPCs) leads to Ca2+ influx, which further inhibits proliferation and 

enhances the expression of neuronal markers (e.g., MAP2) via activation of PKC-ERK1/2 

(53). These data indicate that physiological expression of P2X7Rs contributes to the 

maintenance of development. Contrarily, the genetic deletion of P2X7Rs impairs cellular 

energy metabolism. In N13 microglia and primary mouse microglia, P2X7Rs gene 

deletion reduces resting mitochondrial potential and severely disrupts respiratory index 

(54). Furthermore, P2X7Rs have also been found to regulate cell morphology. Wild-type 

embryonic cultured hippocampal neurons showed that mRNA and protein expression of 

P2X7Rs peaked at DIV 4, declined at DIV 7 (day of in vitro culture), and remained 

unchanged at DIV 10 when dendrites were fully developed. In hippocampal slices, the 

presence of P2X7Rs plays a crucial role in the growth of neuronal dendrites. By analyzing 

the morphology of pyramidal cells, it was found that dendritic growth is impaired in CA1 

but not in CA3 in those with P2X7Rs gene deletion compared to wild type counterparts 

(55). In dentate gyrus granule cells, P2X7R-deficient mice have fewer dendritic spines at 

the P9 stage compared to wild type (56). Besides, genetic ablation of P2X7Rs has also 

been reported to cause behavioural changes. Studies have reported that genetic deletion 

of P2X7Rs and pharmacological inhibition using their antagonists induce spatial memory 

deficits in mice (54) and impaired memory acquisition, consolidation, and retrieval in rat 

(57).  

 

1.2.2 The pathophysiological role of P2X7Rs in CNS 

Previous studies have reported that P2X7R is expressed in excitatory nerves and is 

involved in the regulation of excitatory neurotransmission (58-61). In cerebral cortical 

neurons, P2X7Rs were found to be present at glutamatergic termini, contributing to 

glutamate efflux (60). In brainstem slices, activation of P2X7Rs by BzATP, an agonist of 

P2X7Rs, increased the amplitude of evoked EPSCs and altered the paired-pulse ratio, 

suggesting that stimulation of P2X7Rs enhances the release of neurotransmitters from 

presynaptic sites (62). In hippocampal slices, activation of P2X7R significantly enhanced 

the release of glutamate and GABA in the CA1 and CA3 regions (58). Using patch-clamp 

approach, this study further demonstrates that activation of presynaptic P2X7Rs increases 

the frequency of sEPSC in hilar neurons (63). Controversially, the study from mossy fibre 



13 
 

suggested that activation of P2X7Rs inhibits synaptic transmission through activation of 

p38 MAP kinase (59). Interestingly, BzATP-induced frequency potentiation was 

completely abolished in CA1 neurons in the presence of the Krebs cycle inhibitor 

fluorocitric acid, which is preferentially taken up by glial cells. Furthermore, this paper 

also addressed that only CA1 neurons but not CA3 neurons showed an increase in PSC 

in response to BzATP (64). Taken together, it is plausible that P2X7Rs may have a dual 

effect on excitatory neurotransmission in hippocampal subregions.  

 

1.3 The general information of dentate gyrus: with emphasis on excitatory inputs of 

dentate gyrus 

The dentate gyrus (DG) is located between the entorhinal cortex of the temporal lobe and 

the CA3 region of the hippocampus, serving as the “gate” of classic trisynaptic circuit 

(EC → DG → CA3 → CA1) (6, 7). Typically, DG is made up of three main layers: the 

molecular layer, the granule cell layer, and the hilus. The molecular layer of DG mainly 

hosts dendritic plexus sending from granule cell layers, and axons projecting from the 

entorhinal cortex (EC) (65-68), the hilus, the supramammillary nucleus (SuM) (69, 70), 

and other brain regions, such as VTA GABAergic neurons (71) , although this layer also 

contains some interneurons, such as molecular layer perforant pathway cells (72)  as well 

as semilunar granule cells in the inner part (67). The granule cell layer is characterised by 

the densely packed granule cells and a diverse group of interneurons (73). The hilus of 

DG mainly consists of mossy cells, mossy fibers from granule cells as well as different 

types of interneurons. As the main excitatory neurons in DG, the number of granule cells 

(GCs) in each hemisphere has been estimated to be approximately 1 million in the rat 

(74), which is twice as many as in the mouse (75), 15 times in the human DG (76), 7 

times in the monkey DG (77). Typically, granule cells have elliptical soma and one to 

four primary dendrites spreading in the whole molecular layer. As it estimated, 63% of 

the dendritic branches are located in the inner third, 30% in the middle third, and 40% in 

the distal third of the molecular layer (78). These dendrites receive excitatory and 

inhibitory inputs from long-range projecting neurons and local neurons.  

 

The major excitatory inputs of the dentate gyrus granule cells (DG GCs) originate from 

the entorhinal cortex (Figure 2). Axons from the lateral entorhinal cortex (LEC) primarily 
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project to the distal dendrites of GCs in the outer molecular layer (OML)  (79-81) to form 

the lateral perforant path (LPP). In contrast, GCs dendrites in the middle layer of 

molecular layer (MML) mainly receive the excitatory projections from medial entorhinal 

cortex (MEC), which is also called medial perforant path (MPP) (81, 82). Apart from this 

anatomy difference, LPP and MPP are distinct in electrophysiology, neuropharmacology, 

and behavioural correlates. The early studies revealed that excitatory postsynaptic 

potentials (EPSP) elicited by MPP are different in slope, peak latency (83), and 

facilitation or suppression (84) when compared to MPP stimulation. Petersen et al. 

revealed that the paired pulse stimulation with an 50ms interpulse interval gives rise to 

the PPF in the LPP and the PPD in the MPP (85). In the long term potentiation (LTP) 

experiment, high-frequency stimulation-induced LTP was blocked  in the presence of  

AP5 (a selective NMDA receptor antagonist) in the MPP but not in the LPP, suggesting 

the mechanism of LTP induction in MPP is NMDA receptor-dependent  (86). Although 

the later study did not find the expression difference of NMDA receptor subunits, 

especially GluN1, GluN2A, and GluN2B subunits, at the MPP and LPP, GluN3a-

containing NMDARs selectively expressed at MPP further enhance the MPP inputs to 

GC dendrites (87). Compared to NMDA receptor-dependent LTP induction in MPP, LTP 

induction in LPP requires the endogenous activation of delta (88) and mu opioid receptors 

(89). These electrophysiological and neuropharmacological characteristics determined 

that LPP and MPP carry different information and behaviour relevance (90, 91). Broadly 

speaking, MPP broadly carries spatial information and the LPP conveys non-spatial 

information. although this simple spatial–non-spatial dichotomy has been refined in the 

later well-summarized review (92). 
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Figure 2. The schematic illustration of excitatory inputs to DG GCs. The DG is made up 

of three main layers: the molecular layer (ML), the granule cell layer (GCL), and Hilus. 

The molecular layer could be divided into three layers, including the inner molecular 

layer (IML), middle molecular layer (MML), and the outer molecular layer (OML). The 

IML receives the excitatory inputs from mossy cell in the Hilus, MML mainly distributes 

the fibers from the medial entorhinal cortex (MEC) to form the medial perforant path 

(MPP), and the OML receives the fibers from the lateral entorhinal cortex (LEC) to form 

the lateral perforant path (LPP). The inner molecular layer also contains the inputs from 

the supramammillary nucleus (SuM). GC, granule cell; PV, parvalbumin-expressing 

neuron; BC, basket cell; SST, somatostatin-expressing neuron; CCK, cholecystokinin-

expressing neurons; IN, Interneuron (the figure modified from Figure 1 in (64)). 

 

Importantly, DG GCs also primarily receive commissural/associational input from mossy 

cells in the hilus of DG (Figure 2). The mossy cells are another glutamatergic neuron type 

situated in the DG and characterized by thorny excrescences (93-95). However, mossy 

cells receive considerable interest due to their complex projections. The mossy cells 

terminate some of their axons in the hilus part of DG and send the collaterals to the inner 

molecular layer of DG, where they form synapses primarily with granule cells (96, 97) 

and inhibitory neurons (98). Of note, they also send the commissural projections to 

contralateral DG (95). Although sending the projections to the inner molecular layer is 

the common feature for ventral and dorsal mossy cells, the axons from the dorsal mossy 

cells have been found to have further projections into the MML, where they cooperate 

with PP in comparison with the axons from ventral mossy cells (99). These complex 

excitatory inputs play an important role in regulating DG output by increasing the 

excitation/inhibition balance, thus further facilitating dentate-dependent forms of learning 

and memory (100).  

 

Additionally, the supramammillary nucleus (SuM) situated in the subcortical region also 

directly and strongly project to hippocampus, especially DG region (101, 102) (Figure 2). 

These axonal terminals innervate DG GCs in the inner molecular layer and characterized 

by release or co-release of glutamate and GABA as the neurotransmitters (103-105), 

which gave rise to the controversy whether these inputs exert net excitatory effect on DG 
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GCs. However, the optogenetic and electrophysiological evidence revealed that SuM 

afferents direct innervate GCs and interneurons in the DG and exert a net excitatory effect 

on both DG GCs and interneurons, further promoting GCs firing when associated with 

the inputs from entorhinal cortex (eg., PP) (106-108).  

 

Besides, a different set of interneurons using GABA as a neurotransmitter is present in 

the DG, providing inhibitory control of granule cell activity. These neurons are usually 

distributed in the basal and molecular layers of the DG (73). From the perspective of 

firing property, it can be classified as fast-spiking (FS) and non-fast-spiking (non-FS) 

interneurons, respectively. Meanwhile, these interneurons can be further subdivided 

chemically. For example, soma-targeted interneurons include parvalbumin-expressing 

basket cells (PV+BCs) (109), whereas dendritic-targeted interneurons include 

cholecystokinin (CCK)-expressing neurons (110) and somatostatin-expressing neurons 

(111, 112) (Figure 2).  

 

1.4 The general overview of schizophrenia 

Schizophrenia (SCZ) is a debilitating mental illness characterized by persistent or 

relapsing psychotic episodes comprising positive symptoms (e.g., hallucinations, 

delusions, disorganized thinking, and speech), negative symptoms (e.g., social 

withdrawal, undermotivation, and impaired speech), and cognitive symptoms (e.g., 

memory loss, inattention). With a prevalence of 1-4% of the global population (113) and 

an early age of onset (typically from adolescence to early adulthood), SCZ poses a 

significant and lasting burden on both society and the patient. To date, the exact etiology 

of SCZ is unknown and is likely to be related to a combination of factors, including 

genetic predisposition, psychological, and environmental influences. Furthermore, the 

diagnosis of SCZ is still fairly subjective and difficult, although a significant amount of 

recent work introducing objective features, including biomarkers, neuroimaging, 

electrophysiology, biochemical methods, immunological, genetic approaches, and even 

artificial intelligence techniques (114) and machine learning techniques (115). 

 

Moreover, the treatment of schizophrenia remains challenging. Currently, antipsychotic 

strategies have mainly focused on symptom reduction due to poor understanding of the 
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causes of the disease. So far, antipsychotics are divided into three categories: first-

generation (“typical”), second-generation (“atypical”), and third-generation 

antipsychotics. First-generation antipsychotics primarily target the dopamine receptor D2 

and reduce symptoms, especially positive symptoms (116, 117). Compared to first-

generation antipsychotics, second-generation antipsychotics target the D2 receptor in a 

loose way or do not target the dopamine receptor, thereby releasing the side effects (118).  

In fact, the life-threatening side effects associated with some of second-generation drugs 

have largely limited their clinical use. For example, clozapine is considered the gold 

standard for treating refractory schizophrenia. However, the severe side effects, including 

myocarditis, cardiomyopathy, and agranulocytosis, induced by the administration of 

clozapine largely limits its prescription in the clinic, as more careful managements, such 

as  dosage, plasma concentration and blood monitoring, are required (119). Additionally, 

approximately 30% of patients have only partial response to clozapine (120, 121). The 

main characteristic of third-generation drugs is that they are not dopamine D2 receptor 

antagonists, but rather D2 receptor partial agonists, which focus on alleviating negative 

symptoms (122, 123). Importantly, third-generation antipsychotics have been selected to 

use in combination with clozapine (124) and even in the treatment of clozapine-resistant 

schizophrenia. For example, a study found that augmentation therapy with amisulpride 

could alleviate the psychiatric symptoms and improve cognitive performance (125). 

Although treatment for schizophrenia includes psychiatric medication, training 

programmes, community support activities, psychotherapy and family education, more 

medication strategies are still needed to alleviate symptoms, minimize side effects and 

improve life quality. 

 

1.4.1 Phencyclidine (PCP)-induced schizophrenia in rodents: Glutamatergic hypothesis 

of schizophrenia 

In terms of the pathology of schizophrenia, there are a number of hypotheses, including 

neurotransmitters (Dopamine (126), glutamate (127, 128), serotonin (129) and GABA 

(130)) , neuroinflammation (131, 132), genetic (133, 134), neurodevelopment (135, 136), 

gut-brain axis (137, 138).  
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Although the dopamine hypothesis, which originates from the introduction of the 

antipsychotic drug phenothiazine in 1952, is the most predominant biological hypothesis 

for SCZ, the involvement of glutamatergic mechanisms could be traced back to 1949, 

when glutamate was used in the treatment of schizophrenic patients (139). The 

subsequent clinic trial reported that cerebrospinal fluid glutamate levels were reduced in 

patients with schizophrenia (140). However, this result was challenged by other research 

groups that were not able to reproduce it (141, 142). The breakthrough in the 

glutamatergic hypothesis was the discovery that dissociative anaesthetics ketamine and 

phencyclidine cause psychiatric symptoms (143, 144). Healthy volunteers infused with 

ketamine experience schizophrenia-like symptoms, including negative symptoms, subtle 

cognitive deficits, as well as some positive symptoms (145). Ketamine and phencyclidine 

primarily function as NMDA receptor antagonists (146), so more research attention has 

been focused on NMDA receptor dysfunction. A study of autopsy reported that glutamate 

carboxypeptidase II (GCPII), which catalyses the conversion of NAAG to NAA and 

glutamate, was reduced in the frontal cortex, hippocampus, and temporal cortex of 

patients with SCZ (147). Meanwhile, NAAG, as an agonist of the mGluR3 receptor, has 

been reported to be associated with the pathology of schizophrenia (148). 

 

Similar to ketamine, the administration of phencyclidine (PCP) also causes 

schizophrenia-like symptoms (127). Unlike amphetamine-induced psychosis, PCP-

induced psychosis in rodents incorporates positive, negative, and cognitive symptoms of 

SCZ.  In rodents, PCP injection produces dose-dependent positive-like symptoms, such 

as hyper locomotor activity (149-151). In a forced swimming test, mice repeatedly treated 

with PCP increased the immobility that was reversed by atypical antipsychotics (152-

154), suggesting that PCP can be used to produce negative symptoms of SCZ. In water 

maze tests, PCP treatment leads to impaired attention and latent learning (155), and 

disturbed spatial learning and memory (15). Therefore, the application of PCP to animals 

could also generate several cognitive-related impairments. 

 

However, whether PCP administration produces the symptoms described above, 

particularly negative and cognitive symptoms, depends on a variety of factors, including 

dose, species, acute or chronic administration, and sex. In the sub-chronic PCP model, 
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PCP injection with 2-5 mg/kg (twice daily) for seven days followed by a seven-day 

washout resulted in persistent cognitive deficits in an operant reversal learning paradigm 

in rat, (156, 157) but not in mice with a background of C57BL/6J (158). Although the 

injection protocol differs, a higher concentration of PCP is required to cause the deficits 

of learning and memory. A study showed that 10 mg/kg but not 2-5 mg/kg of PCP 

injection severely impairs the spatial learning and memory (159). Besides, the strain 

difference has been found in PCP-induced hyperlocomotion and depressive symptoms 

(ddY>>C57BL/6N and 6J>ICR). In rodents, normal early postnatal development (first 

two weeks) is essential to undergo many key maturational changes. For example, brain 

growth spurt and gliogenesis will reach to the peak at postnatal day 7-10. At the same 

time, the density of axons and dendrites increases and the immune system is consolidated 

(160). Therefore, disturbances that occurs during this time period can lead to serious 

consequences in adulthood and postnatal interventions are widely used to establish 

neurodevelopmental models of disorders. In terms of postnatal PCP injection-induced 

SCZ model, the hyper locomotor activity and the impaired spatial memory are observed 

in juvenile rats treated with PCP from postnatal day 5 to day 15  (161) and the memory 

impairment remains in adulthood (162). Another commonly used postnatal PCP model 

protocol (daily injections of PCP on days 7, 9, and 11) also showed disturbance of spatial 

working memory in adult male mice, although this impairment is sex-specific (163). 

Notably, the strain difference is subtle in response to postnatal PCP injection, as ICR mice 

treated with the same protocol showed the impairments in spatial working memory and 

social interaction (164).  

 

1.4.2 P2X7Rs in phencyclidine (PCP)-induced schizophrenia 

Several lines of evidence suggest that P2X7Rs are involved in the development of 

schizophrenia. The largest genome-wide association study (GWAS) of schizophrenia 

patients identified genetic variations in P2X7 receptors (12). The pharmacological 

inhibition and genetic deletion of P2X7Rs could alleviate schizophrenia-like symptoms, 

including hyperlocomotion and stereotyped behaviours in acute and sub-chronic PCP 

models (13, 14). Additionally, postnatal injections of PCP have been utilized to establish 

a chronic model of SCZ, also called a neurodevelopmental model (165). In this chronic 

schizophrenia model, the blockade of P2X7Rs by the brain-penetrating antagonist JNJ-
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4795567 significantly attenuated postnatal PCP-induced hyper motor activity and spatial 

memory impairment in adults (15). Finally, in another model of schizophrenia, poly(I:C)-

induced MIA (maternal immune activation), the schizophrenia-like symptoms, including 

positive symptoms (excessive motor activity) and cognitive symptoms (working memory 

deficits and impairment of paired pulse facilitation (PPI)) were alleviated in animals 

genetically deficient in P2X7Rs (55). 

 

Although the underlying mechanisms are not fully understood, there are several potential 

mechanisms. Firstly, the administration of PCP results in a direct increase in P2X7Rs 

mRNA and protein expression (15). Although the study did not mention the exact 

mechanism, the elevated expression of P2X7R by PCP treatment may be attributed to 

excessive release of ATP. Secondly, P2X7Rs regulates the expression of schizophrenia 

susceptibility genes. NMDA receptors are a tetramer consisting of two glycine-binding 

subunits GluN1, two glutamate-binding subunits, a combination of GluN2 subunit and 

one glycine-binding GluN3 subunit or two GluN3 subunits. Among these subunits, single 

nucleotide or dinucleotide-repeated polymorphisms of GluN1, GluN2A, and GluN2B 

subunits significantly increase susceptibility to schizophrenia in human. In the animal 

model, the upregulation of GluN1, GluN2A, and GluN2B was detected when animals 

were treated with the NMDA receptor antagonist PCP. The unregulated expression was 

suppressed in mice genetically deficient in P2X7 receptors (13). Thirdly, P2X7 receptors 

participate in the regulation of neuron excitability. C-Fos protein expression is commonly 

used as a marker of neuronal activity. In comparison with wild-type animals, P2X7R 

knockout mice had a lower number of c-Fos-positive neurons in the mPFC. However, this 

regulatory effect displayed a layer-specificity, as the decreased number of c-fos-positive 

neurons was only found in the ventral region of the second/third layer but not in the fifth 

layer. Individually, mPFC layer V neurons lacking P2X7Rs showed fewer action 

potentials in response to the same current step, suggesting that P2X7R gene deficiency 

results in reduced neuronal activation (14). Fourthly, P2X7Rs regulate the neuronal 

morphology under pathophysiological conditions. Under physiological conditions, gene 

ablation and pharmacological blockade of P2X7R lead to branching defects in primary 

cultures and acute slices. In contrast, primary cultured neurons dissected after poly I:C 
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treatment (MIA model) showed normal dendritic growth when animals were deficient in 

P2X7Rs (55).  

 

1.4.3 Pathological changes in the dentate gyrus of schizophrenia 

As an important excitatory input to the hippocampus, The EC is subject to the 

development of schizophrenia in patients and rodents. Smaller EC volumes and 

abnormalities in cytoarchitecture and cytoskeleton have been found to be positively 

correlated with the severity of delusions in patients (8). Besides, the hippocampus is also 

one of the important brain regions susceptible to the pathology of schizophrenia. Several 

schizophrenia-related abnormalities have been identified in the dentate gyrus, CA3, and 

CA1, including reduced volume, impaired inhibitory and excitatory neurotransmission, 

immature molecular signatures, and abnormalities in immunoreactivity (166). 

Furthermore, the study also pointed out the susceptible cell populations in DG. For 

example, impairment of GABAergic transmission was observed, and a reduced number 

of parvalbumin-positive (PV+) cells in the DG was found in the MIA model (9) . Apart 

from inhibitory neurons, the abnormal glutamatergic system is also involved. The 

synapse-associated protein 97 (SAP97) is a membrane-associated guanylate kinase 

(MAGUK) protein that is a member of the glutamatergic postsynaptic density. This 

protein interacts directly with AMPA receptors (10) and controls dendrite growth (11). 

As one of the SAP97 isoforms, βSAP97 is abundantly expressed in DG CG dendrites 

compared to CA1 pyramidal dendrites. The mutation of SAP97 is highly related to the 

development of schizophrenia. In DG GC, SAP97 mutations have been found to increase 

the strength of rat glutamatergic synapses and interfere with the processing of contextual 

information (167).  From the perspective of maturation, necropsy analyses showed a 

dramatic increase in the number of calreticulin-positive immature neuronal progenitors 

and a reduction in the number of calreticulin-positive mature neurons in DG. This 

pathological change has been termed the "immature dentate gyrus" (168).  

 

Actin filaments are protein filaments in the cytoplasm of cells. They can form a network 

with other proteins beneath the plasma membrane and control cell movement. As a major 

candidate susceptibility gene for schizophrenia and bipolar disorder, DISC1 interacts with 

actin filaments, particularly girdin, to promote cell migration, localization, and axonal 
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guidance in the DG (169).  In terms of axonal guidance, the semaphorin family (SEMA) 

and its receptor plexins (PLXNs) act as the axonal guidance regulator. Interestingly, 

SEMAs and plexins (PLXNs) also play a crucial role in mental disorders. Animals lacking 

the plxna2 gene in DG develop neuropsychiatric disorders, including the impairment of 

sensory-motor gating, abnormal social activity, and learning disabilities (170). Of note, 

the microglia activation regulated by microglia-specific arginase 1 (Arg1) in DG also 

contributes to schizophrenia-like symptoms (9).  
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2. Objectives 

ATP-gated P2X7Rs play a crucial role in brain diseases and neuroinflammation. 

Although the role of P2X7Rs in the regulation of neurotransmission has been repeatedly 

reported, whether neuronal P2X7Rs are directly involved in this process remains 

controversial. Meanwhile, the role of P2X7Rs in neurodevelopmental models of 

schizophrenia remains unclear. Therefore, this study was designed with a variety of 

approaches including whole-cell patch clamp, viral injection, Ca2+ imaging, 

immunohistochemistry and animal models to achieve the following objectives: 

 

2.1 To investigate the role of P2X7R in excitatory neurotransmission onto mouse DG 

GCs and understand whether the regulatory effect shows a pathway specificity in DG 

2.2 To address the potential effects of P2X7Rs on postnatal phencyclidine (PCP)-induced 

schizophrenia model in mice and explore the potential underlying mechanism  
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3. Methods 

3.1 Animals  

In our project, we used only C57Bl/6J mice. Both wild-type mice and P2rx7-/- mice were 

homebred. However, the original breeding pair for the P2rx7-/- mice came from Dr 

Christopher Gabel. The P2rx7-/- mice consisted of P2X7-F1 (5 ′ -

CGGCGTGCGTTTTGACATCCT-3′) and P2X7-R2 (5′-AGGGCCCTGCGTTCTC-

3 ′), which were validated in our previous paper (171). Based on different experimental 

designs, we had experimental groups of different ages. In the electrophysiological 

experiments, we used both sexes of the postnatal day P21-P28 and P58-P69 groups. In 

the viral injection experiments, we used only males in the P40-P47 age group of both 

genotypes to maintain the same injection coordinates. In Ca2+ imaging experiments, we 

used male mice at the age of P54-P61 for acute section preparation and Ca2+ imaging. 

Although the early study reported that C57Bl/6J strain showed less response to PCP 

treatment (158), the later studies from our group and other group could reproduce PCP-

induced schizophrenia symptom (13-15, 172). Therefore, we utilized this strain to model 

phencyclidine-induced neurodevelopmental schizophrenia. We injected male pups at P7, 

P9, and P11 with PCP. Behavioural tests were performed when males grew to P67. All 

animals were kept under a standard 12 h light/12 h dark cycle with food and water 

provided ad libitum. In accordance with the European Communities Council Directive of 

24 November 1986 (86/609/EEC), animal handling and sacrifices were carried out 

according to protocols approved by the Animal Welfare Committee of the Institute of 

Experimental Medicine and the relevant authorities (Budapest, Hungary, nos. 

PEI/001/778-6/2015, PE/EA/297-1/2021). 

 

3.2 The methods employed to understand the role of P2X7R in excitatory 

neurotransmission onto mouse DG GCs  

To investigate the role of P2X7R in excitatory neurotransmission onto mouse DG GCs 

and understand its underlying mechanisms, we mainly used the electrophysiological 

approach (whole-cell patch-clamp) with pharmacological method (drug application), 

immunostaining, Ca2+ imaging, and morphology approach. 

 



25 
 

3.2.1 Brain slices preparation and whole-cell patch-clamp recording conditions  

Mice were anesthetized by inhaling forane. Whole brains were extracted after 

decapitation and were sliced in ice-cold cutting solution composed of (in mM: 85 NaCl, 

2.5 KCl, 2 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4, 24 NaHCO3, 25 glucose and 75 sucrose). 

The pH of the solution was 7.4 and the osmotic pressure was 290-300 mOsm. The cutting 

solution was bubbling with 95% O2 + 5% CO2. Hippocampal slices were cut into 300 µm 

by a Leica vibratome at 0.08 mm/s and an amplitude of 1.0 mm. Individual slices were 

transferred to artificial cerebrospinal fluid (ACSF) (in mM: 126 NaCl, 2.5 KCl, 2 CaCl2, 

2 MgCl2, 1.25 NaH2PO4, 26 NaHCO3 and 10 glucose, the pH of the solution was 7.4 and 

the osmolarity was 300-310 mOsm) bubbling with 95% O2 + 5% CO2 for 30 min at 34 

°C. After incubation, the slices were kept at room temperature. 

 

All recordings were performed at room temperature. Hippocampal slices were transferred 

to an oxygenated ACSF circulation chamber at 2.5 ml/min. Previous studies showed that 

the receptor affinity for its agonists was reduced in the presence of physiological 

concentration of extracellular Ca2+ (64, 173) and that blockade of NMDA receptors by 

Mg2+ is voltage-dependent. Therefore, we used a low divalent cation (X2+) solution that 

removed Mg2+ from ACSF and reduced the Ca2+ concentration to 0.5 mM. This recipe 

was used in the BzATP puff experiment, extracellular stimulation experiment (input-

specificity experiment), and the Ca2+ imaging experiment. However, normal ACSF 

containing 1.3 mM Ca2+ /2 mM Mg2+ has also been used for extracellular stimulation 

experiments (input-specificity experiment) and Ca2+ imaging experiments. For receptor 

inhibition, we diluted the drugs in ACSF. All recordings were performed using whole-

cell patch-clamp technique. Axopatch 1D amplifier and Digidata 1322A data acquisition 

system were used for recording. DG GCs were visualized by Olympus BX50WI 

Differential Interference Contrast (DIC) microscope and a 40x water immersion 

objective. Borosilicate glass pipettes were pulled using a Sutter P-2000 micropipette 

puller. Glass pipettes have a resistance of approximately 4-7 mΩ, pipettes greater than 7 

mΩ and less than 4 mΩ were discarded. 
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3.2.2 The AMPA receptor and NMDA receptor-mediated excitatory postsynaptic currents 

(s/mEPSCs) recordings 

To understand whether genetic ablation of P2X7Rs has impact on DG GCs excitatory 

neurotransmission, we examined AMPA receptor and NMDA receptor-mediated 

excitatory postsynaptic currents in the presence (sEPSCs) and absence (mEPSCs) of 

action potential propagation at wild-type mice and P2rx7-/- mice, respectively. In this 

experiment, voltage-clamp configuration was used. The signals were filtered at 2 kHz and 

digitized at 10 kHz. The intracellular solution composed of (in mM): 120 CsCl, 8 NaCl, 

10 HEPES, 0.3 Na-GTP, 4 Mg-ATP, 10 PO creatine, and 8 biocytin. The pH was adjusted 

to 7.2 and osmolarity was measured between 290–300 mOsm. To differentiate AMPA 

receptor-mediated sEPSCs under action potential generation or propagation, we 

pharmacologically blocked GABAA receptor and NMDA receptor by adding the 

GABAA receptor antagonist SR 95531 (10 μM) and NMDA receptor antagonist DL-AP5 

(50 μM) to the ACSF. To record AMPA receptor-mediated miniature monosynaptic 

synaptic currents, which were not triggered by action potential, we added voltage gated 

sodium channel blocker TTX (1 μM) to the ACSF containing SR 95531 and DL-AP5. To 

record NMDA receptor-mediated sEPSCs, we added GABAA receptor antagonist SR 

95531 (10 μM), the AMPA receptor antagonist CNQX (20 μM) and the NMDA receptor 

co-agonist D-serine (50 μM) to the ACSF. Similarly, TTX (1 μM) was added to ACSF 

containing SR 95531 (10 μM), CNQX (20 μM), and D-serine (50 μM) to record NMDA 

receptor-mediated mEPSCs. For both AMPA receptor and NMDA receptor-mediated 

mEPSCs, a sodium channel blocker QX314 (5 mM) was added to the internal solution. 

Using a 100 ms long -5 mV voltage steps were used to continuously monitor the series 

resistance. To check the direct participant of P2X7Rs in DG GC excitatory 

neurotransmission, we locally puffed P2X7Rs agonist BzATP (1 mM or 300 µM) for 30 

s via the fast drug application system. For mEPSC/sEPSC analysis, we used template 

detection method and set the template match threshold at 4 for all the recordings. 

 

3.2.3 Paired-pulse recording 

To further clarify whether the change of excitatory neurotransmission from presynaptic 

site showed an input-specificity, we stimulated two main excitatory inputs onto DG GCs 
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(EC-GC fibers and MC-GC fibers) to check the presynaptic vesicle release by delivering 

paired pulses.  

 

In this experiment, we used the internal solution contained (in mM): 115 Cs-

methanesulfonate, 8 NaCl, 10 HEPES, 0.3 Na-GTP, 4 Mg-ATP, 10 PO creatine, 8 

biocytin, 5 QX314. The pH was adjusted to 7.2 and osmolarity was 293 mOsm. GABAA 

receptors were blocked by SR 95531(10 μM). We patched DG GC to form the whole-cell 

configuration, then placed the microelectrode filled with aCSF on the surface of the 

middle and outer layer of molecular layer to stimulate EC-GC fibers (MPP and LPP) and 

at inner molecular layer to stimulate MC-GC fibers, respectively. The stimulating 

electrode connected to stimulation isolation unit from World Precision Instruments and 

the two consecutive stimuli composing of 100 μs duration stimulus of 40 uA amplitude 

with a 50 ms interpulse interval were delivered every 30s.  

 

To pharmacologically distinguish EC-GC fibers and MC-GC fibers, DCGIV (1μM) (a 

selective agonist of group II metabotropic glutamate receptors) was also added to the 

ACSF at end of recording, since mGluR2/3 was expressed in the EC-GC fibers but not in 

the MC-GC fibers (106). The calculation of PPR referred to the second peak amplitude 

(P2) divided by the first peak amplitude (P1). 

 

3.2.4 Virus injection  

To determine the participant of PP and its Ca2+ mechanism, we specifically infected PP 

paths by using hSynapsin1 promoted and axon targeted GCaMP6s virus. pAAV-

hSynapsin1-axon-GCaMP6s was a gift from Lin Tian (Addgene plasmid # 111262; 

http://n2t.net/addgene:111262; RRID: Addgene_111262). We aliquoted the virus 

contained solution once it arrived and stored at -80°C before experiments. 

ketamine/xylazine-hydrochloride (10 ml/kg i.p) was used to anesthetize the male mice 

at P40-47. Then stereotactic head frame was used to fix the position of the mouse. Eye 

ointment (Vidisic® Gel) was used to protect the eyes. We gently removed the head 

skin with the blade and exposed the skull. After removing the meninx with a cotton 

stick, we located the lambda with the glass capillary and adjust the position of the 

bregma to confirm both positions at the same horizontal level. We located the 
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coordinates of EC (LEC: -3.8 mm anteroposterior (AP), ±3.9 mm mediolateral (ML) and 

-4.7 mm dorsal-ventral (DV); MEC: -4.72 mm (AP), ±3 mm (ML), -4 mm (DV)). The 

bilateral craniotomies were made with a dental drill. The virus solution was diluted in 

the sterilized 0.1 mM PB buffer at a ratio of 1:10 for P2X7Rs immunostaining and Ca2+ 

imaging, as the dense labelling gave rise to the difficulty to detect the signals. The purified 

virus was used for location and expression check. The injection volume in different 

experiments was 60 nl in total for each side via the MicroSyringe Pump Controller 

system. The 60 nl was delivered by two steps: 20 nl was delivered at a rate of 57 nl/s, 

then 100 nl/min for 40 nl. After delivery, the virus-containing capillary was held in the 

place for 5 minutes before retraction. We closed the scalp incision with the surgical sew 

kit and released the animal from the head frame and placed to a stable-temperature pad. 

Once the animal woke up, we transferred it back to the home cage. In following two days, 

we applied analgesia to help the recovery. After two weeks’ expression, the mice were 

anesthetized by carbon dioxide (CO2) for immunostaining experiments. The mice were 

fixed on the board in hood. The chest wall was opened and the heart was exposed entirely. 

Transcardiac perfusion with 0.9% NaCl for 5 min to clear the blood, was followed by 4% 

PFA for 20 min to preserve the brain. The brain was extracted from the head and post-

fixed with 4% PFA overnight at 4°C. After 12-24 h (less than 24 h), the brains were 

transferred into 24-well plate in 0.1 mM PB buffer. The brains were cut into 50 µm-

thickness with the Leica vibratome (Leica VT1200s, Germany).  

 

3.2.5 Synaptic markers Vglut1 and Homer1 staining  

To identify that the pAAV-hSynapsin1-axon-GCaMP6s efficiently infect axons and 

boutons but not the dendrites, we stained presynaptic marker Vglut1 and postsynaptic 

marker Homer1. The brain sections with a thickness of 40 µm were washed in 0.1 M PB 

buffer, followed by 0.5 M TBS prior to blocking. The brain slices were further incubated 

in blocking buffer containing 10% normal horse serum (NHS) and 0.3% Triton X-100 

diluted in 0.5 M TBS for 1 h at RT, and then incubated with primary antibodies at 4 °C 

for at least 72 h. Primary antibodies used: guinea-pig anti-Vglut1 (Millipore, 

AB_2301751,1:1000), rabbit anti-Homer1 (Synaptic System, AB_887730, 1:500) and 

chicken anti-GFP (Biozol, GFP-1020, 1:10000). Slices were further rinsed in 0.5 M TBS 

and incubated with secondary antibodies at 4 °C for overnight. Secondary antibodies used 
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were: Cy™3 AffiniPure Donkey Anti-Guinea Pig IgG (H+L) (Jackson Immuno 

Research, AB_2340460, 1:500), Alexa Fluor® 647 AffiniPure Donkey Anti-Rabbit IgG 

(H+L) (Jackson Immuno Research, AB_2492288,1:500) and Alexa Fluor® 488 

AffiniPure Donkey Anti-Chicken IgY (IgG) (H+L) (Jackson Immuno Research, 

AB_2340375, 1:500). Sections were further washed in 0.5 M TBS, followed by 0.1 M 

PB. Then we mounted the slices with ProLong™ Gold Antifade (Thermo Fisher 

Scientific, Massachusetts, US) for visualization with a C2 confocal microscope. Z-stack 

images obtained at an interval of 0.125 μm, 0.08 pixel/um with a 60x objective were used 

for deconvolution with Huygen Professional software (Huygens Computer Engine 

4.2.1p764b). 

 
3.2.6 P2X7Rs staining  

We next did the P2X7Rs antibody immunostaining to identify the expression of P2X7Rs 

on the EC-GC axonal terminals. Instead of using the same protocol from 3.2.5, we 

employed the protocol for better P2X7Rs antibody immunostaining (55). The post-fixed 

brains from both WT and P2rx7-/- injected with virus were sliced at 40 µm by using Leica 

vibratome in the presence of 0.01 mM PBS buffer. The slices were rinsed with 0.01 mM 

PBS 3 times (10 minutes each time). Then the slices were incubated in citrate buffer (pH 

6) for 30 minutes at 85 °C. After another 3 x 10 minutes wash with 0.01 mM PBS, brain 

slices were blocked in 0.01 mM PBS buffer consisting of 1% BSA, 5% FBS and 0.2% 

Triton X-100 for 1h at room temperature. We next incubated the slices with primary 

antibody. The primary antibody rabbit anti-P2X7Rs (1:100, Alomone Labs, Cat. #. APR-

004; RRID: AB_2040068) and chicken anti-GFP (1:1000, Aves Labs, Cat. #. GFP-1020; 

RRID: AB_10000240) were diluted in above blocking buffer for 2 nights at 4°C. The 

slices were washed for 3 times (10 minutes each time) with 0.01 mM PBS. The 

biotinylated antibody containing 10% BSA, goat serum, and biotinylated anti-rabbit IgG 

were used to incubate the slices for 1h at room temperature. After rinsing the slices 3 x 

10 minutes with 0.01 mM PBS, the slices were incubated with the secondary antibodies 

Alexa Fluor 594-conjugated streptavidin (1:500) and Alexa Fluor® 488  goat anti-chicken 

antibody (1:1000) for 1h at RT. Subsequently, sections were mounted on glass slides with 

ProLong Gold for C2 confocal imaging. Z-stack images were used for the deconvolution 

by using Huygen Professional software (Huygens Computer Engine 4.2.1p764b). We 
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next imported the deconvoluted images into NIS software for XYZ dimension 

identification. 

 

3.2.7 Ca2+ imaging  

After two weeks’ virus expression, mice were anesthetized by forane and hippocampal 

slices were prepared as described previously to detect the Ca2+ influx in EC boutons. We 

utilized an upright A1R MP+ multiphoton confocal microscope (NIKON) with a water 

immersion objective of NA 1.10, WD 2.0 (CFI75 Apochromat 25XC W 1300) and a 680-

1040 nm titanium sapphire laser view and scan slices with axonal GCaMP reporter. We 

used a resonant scanner, at 30 Hz sampling rate, 920 nm wavelength, and 15 mW laser 

power to detect the Ca2+ related fluorescence. A monopolar stimulus isolator unit        

(BioStim STE-7c, Supertech Instruments UK Ltd, UK) equipped with a sharp capillary 

placed either at the middle layer (MPP) or outer layer of molecular layer (LPP), was used 

to deliver the electric pulses. 5 pulses of frequencies among 10–100 Hz (10, 30, 60, 100 

Hz) were used to test the saturation of the Ca2+ indicator. For each scanning, the scanning 

duration lasts for 10 seconds (300 frame in the length) and was repeatedly scanned 15 

times. Scanning images were captured by NIS software for further data analysis. The 

average NIS image with nd format from 15 times’ scan for each plane was converted into 

tif format by edited script in python spyder (Pierre Raybaut, The spyder Development 

Team, python 3.8) under anaconda platform (Anaconda, Inc, version 3.8). The tif movies 

were subsequently imported into the suite2p software ((suite2p, version 0.8.0, RRID: 

SCR_016434) for the imaging registration. This software detected regions of interest 

(ROI) based on the anatomy where pixels are correlated across time. To meaure the 

boutons precisely, we set the diameter of regions of interest (ROIs) as 4-6 pixel size. As 

this setting also will detect some parts of axonal shafts, we manually deleted the ROIs on 

shafts in the automatically generated GUI panel. To extract fluorescence traces and spikes 

in ROIs with the equation of: Fc= F-0.7*Fneu (Fc means corrected fluorescence value; F 

stands for the raw fluorescence intensity; Fneu means the neuropil-induced fluorescence 

intensity; 0.7 is the neuropil coefficient). To further calculate electrical pulse-induced 

fluorescence intensity, we used python spyder script (Pierre Raybaut, The Spyder 

Development Team, python 3.8) under anaconda platform (Anaconda, Inc, version 3.8) 
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to subtract baseline fluorescence from peak fluorescence, subsequently obtained the 

change of fluorescence intensity also known as ∆F.  

 

3.3 The methods used to exclude the involvement of postsynaptic sites 

Regarding that the frequency change of AMPA receptor and NMDA receptor-mediated 

s/mEPSC also could be attributed to the reduction of dendritic spine number, we 

examined the dendritic morphology of DG GCs in both WT mice and P2rx7-/- mice. Then 

we checked whether genetic ablation of P2X7Rs has impact on DG GCs neuronal 

excitability by recording the action potential and whether P2X7Rs potentially interact 

with NMDA receptors on soma. 

 

3.3.1 Biocytin-labelling cell staining and spine number quantification 

Since our internal solution contained biocytin, we fixed the slice after recording with 4% 

PFA overnight at 4 °C for immunostaining experiments. The streptavidin was 

reconstructed with 0.1 M phosphate-buffered (PB) containing 2 mM sodium-azide 

(NaN3). After overnight fixation, the slices were kept in the 24-well plate and gently 

washed with 0.1 M PB for 3 times 10 min each. The slices were washed with 0.5 mM tris 

buffered saline (TBS) for another 3 times (10 minutes each). After this process, we 

blocked the slices in the blocking buffer containing 5% normal goat serum and 0.03% 

triton X-100 in 0.5 mM TBS for 2h at room temperature. Subsequently, the slices were 

incubated with Alexa Fluor 594 streptavidin (Invitrogen, Cat. #. S11227) with a 

concentration of 1:500 for 3-4h at room temperature or overnight at 4 °C. 0.5 mM TBS 

was used for another 3 times wash (10 minutes each), followed by 0.1M PB 3 times (10 

minutes each). Then the slices were mounted onto gelatin-coated glass slides by using the 

vectashield mounting medium.  After visualization with confocal microscope, the neurons 

were identified based on the morphology. 

 

To further count the dendritic spines of DG GCs from the same slices mentioned above, 

we had to re-slice the 300 µm slice into 50 µm for the sake of better confocal visualization. 

Therefore, we stripped the hippocampal slices from the glass slides after morphology 

visualization and then transferred in 24-well plate filled with 0.1 mM PB and washed for 

3 times 10 min each on shaker.  2% agarose gel was prepared to embed the slices which 
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were further cut into 50 µm slices with with Leica vibratome. The resection slices were 

mounted in a sequential way with vectashield mounting medium. The slides were further 

visualized under Nikon C2 confocal microscope with 60x oil immersion objective, 0.07-

pixel size, and 0.125 µm between steps. The whole dendritic branches were manually 

divided into 100, 150, 200 µm away from neuronal soma. The confocal images were 

deconvolved by using Huygens Professional program prior to importing into Neurolucida 

software for the quantification. Neurolucida software tracked the branches and labelled 

the spines within 30 μm segments. In this process, we only counted the total number of 

spines and did not do spine type classification. 

 

3.3.2 Action potential recording 

To record the action potentials of DG GC, we used current clamp. A glass pipette was 

filled with internal solution (in mM: 126 K-gluconate, 4 KCl, 10 HEPES, 0.3 Na-GTP, 4 

Mg-ATP, 10 PO creatine, 8 biocytin). pH was adjusted to 7.2, and osmolality was 

between 290-300 mOsm. To stimulate action potentials, the somatic current was 

increased from -100 pA to +280 pA in 20 pA increments for a duration of 450 ms. When 

the holding current was more negative than -100 pA, neurons were excluded. 

 

3.3.3 Drug puff application 

To examine the potential interaction between P2X7 receptors and NMDA receptors on 

DG GC soma, we used fast drug application system to locally puff NMDA at 10 µM or 

100 µM to evoke NMDA receptor-mediated current response. We puffed 20 s for each 

sweep with a 5 min’s interval between two sweeps to make sure the currents could be 

completely recovered. After two stable sweeps, we bath-applied P2X7Rs agonist BzATP 

(1 mM) or antagonist JNJ47965567 (10 µM) to either activate or inhibit P2X7Rs. In this 

experiment, we used internal solution composed of (in mM): 115 Cs-methanesulfonate, 

8 NaCl, 10 HEPES, 0.3 Na-GTP, 4 Mg-ATP, 10 PO creatine, 8 biocytin, 5 QX314. 

NMDA was dissolved into normal ACSF solution containing (in mM: 126 K-gluconate, 

4 KCl, 10 HEPES, 0.3 Na-GTP, 4 Mg-ATP, 10 PO creatine, 8 biocytin).  
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3.3.4 Western blot  

Previous studies reported that the expression of P2X7Rs and P2X4Rs were mutually 

regulated and both receptors are BzATP sensitive (174). Additionally, we also found that 

BzATP application increased the frequency of EPSC in P2X7R deficient mice. Therefore, 

we check the protein expression of P2X4Rs in WT and P2X7R deficient mice.  

 

As our previous paper described (55), Animals were euthanized with CO2 inhalation and 

decapitated. After dissecting the hippocampus tissue, it was snap frozen in liquid 

nitrogen. Then the samples were lysed in radioimmunoprecipitation assay (RIPA) buffer 

composed of 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 0.1 % (w/v) SDS, 

0.5 % sodium deoxycholate and 1 % Triton X-100 and protease inhibitors (10 mg/ml 

leupeptin, pepstatin A, 4-(2-aminoethyl) benzensulfonyl-fluorid and aprotinin). Sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis was employed to separate the Total 

lysates. Protein was transferred onto nitrocellulose membranes.  To block unspecific 

binding, 5 % non-fat dry milk was used for 1h at room temperature (RT), followed by 

overnight incubation with primary antibodies anti-P2X4R (1:200, Alomone Labs) and 

anti-β-actin (1:1000, Cell Signalling Technology Inc.). Membranes were incubated with 

horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology 

Inc., Danvers, MA, USA) for 1 hour at RT and were developed using the ECL detection 

system (Thermo Scientific Pierce, Life Technologies). Protein band intensities were 

analyzed by ImageJ software (NIH). Intensity values of bands representing P2X4R 

proteins (50-55 kDa) were normalized to the intensity of the band representing total 

protein (β-actin: 42-45 kDa). 

 

3.4 The methods employed to test potential effects of P2X7Rs on postnatal phencyclidine 

(PCP)-induced schizophrenia model in mice 

After understanding the regulatory effect of P2X7Rs on excitatory neurotransmission and 

its underlying mechanism, we next aimed to investigate the potential role of P2X7Rs in 

phencyclidine (PCP)-induced mouse model of schizophrenia. We subcutaneously 

injected the PCP 10 mg/kg or an equal volume of saline into the male pups at P7, P9, and 

P11. At 3 weeks of age, the mice were weaned and separated into 3-5 mice per cage. The 

electrophysiology experiment was performed at juvenile (P25-28), the schizophrenia 
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related behaviour tests have been performed at both juvenile (P25-28) and young adult 

(after P67) (Figure 3). 

 

 

 

 

 

Figure 3. Scheme of the PCP injection, patch clamp experiments, and behaviour tests in 

juveniles and young adults.  

 

3.4.1 AMPA/NMDA ratio recording  

In the previous section, we found P2X7Rs in EC terminal boutons participate in the 

regulation of DG GCs neurotransmission from presynaptic sites and the involvement of 

postsynaptic sites was unlikely under the physiological condition. Therefore, we tested 

DG GCs synapse strength by recording the AMPA/NMDA ratio in the mouse model of 

postnatal PCP-induced schizophrenia. In this experiment, we sacrificed the juvenile mice 

from P21-28 to prepare the slice as the previously describe in section 3.2.1. To block 

GABAA receptor, SR 95531(10 μM) was added to the ACSF. The microelectrode filled 

with aCSF was placed on the surface of molecular layer of DG. Once the whole-cell 

configuration formed on DG GC, the stimulating electrode connecting to stimulation 

isolation unit from World Precision Instruments delivered the pulse which was 100 μs 

duration stimulus of 40 uA amplitude delivered every 30s. We first held the DG GC 

neuron at −80 mV for 10-15 sweeps and then switched to +40 mV for another 10-15 

seeps. The AMPA receptor mediated-EPSCs were identified at the peak evoked by -80 

mV. The NMDA receptor mediated-EPSCs were determined 50 ms after the peak evoked 

at +40 mV, where the AMPA receptor component was gone due to the rapid kinetics of 

AMPA receptor components (175-177). AMPA/NMDA ratio was calculated by AMPA 

receptor amplitude divided by NMDA receptor amplitude at 50 ms post-stimulus. 
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3.4.2 Spontaneous alteration and Novel object recognition tests 

To test the memory related tasks for juvenile mice, we used the three-arm T-maze with a 

30 cm L×7 cm W×5 cm H per arm to measure spontaneous alteration at the day 1 and the 

novel object recognition test at day 2. EthoVision XT 10 system was used to 

define/calibrate each arena and set the 10 minutes track protocol with a 2 s delay. For the 

first day, mice were transported into the experiment room 10 minutes before the 

experiment.  Then, the mouse was placed into the middle arm and moved freely through 

the three arms for another 10 minutes (Figure 4A). For spontaneous alteration analysis, 

we analysed the entries to each arm in a consecutive sequence manner. For instance, 

ACBCAC = ACB, CBC, BCA, CAC. However, we calculated the spontaneous alteration 

only when the mouse entered A, B, and C in any different orders, but not when the same 

arm was entered more than once. We used the following formula to calculate: 

Alternations (%) = (Total number of arm entries-2) * 100. To minimize the stress, we did 

not perform the independent open field in juvenile. Alternatively, we used the videos 

acquired from day 1 to analyse the total moving distance and calculated the average 

velocity in 10 minutes. 

 

The novel object recognition test was performed on the second day. This test included 

two sessions (Figure 4B). In session one, the mouse was placed into the T- maze which 

contained two identical legos at the end of each arms for 10 minutes free exploration. 

After 10 minutes, the mouse was back to the home cage for 3 minutes. Then one of the 

familiar lego was replaced with a new one which had different shape and colors for 10 

minutes video recording. We calculated the discrimination index which referred the 

percentage of time spent in the new object to the time spent in both objects as below: 

Discrimination index (%) =Time new/ (Time new + Time old) *100%. Note: This two-days 

protocol also was used in adult mice. 
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Figure 4. Scheme of the T-maze test. A, spontaneous alteration test and locomotor activity 

test at day 1. B, novel object recognition test at day 2. 

 

3.4.3 Locomotor activity test  

To check the postnatal PCP treatment-induced positive symptom in adult mice, such as 

hyper locomotor activity, we used four squares arenas with 40 × 40 cm for each arena to 

measure the locomotor activity in adults (Figure 5A). EthoVision XT 10 system was used 

to set the same recording protocol as previous described in section 3.5.2. The mice were 

transported to the experimental room 10 minutes prior to the experiments. After 10 

minutes, the mice were placed into the center of each arena for 10 minutes of video 

recording. Between two runs, the arenas were cleaned totally with 20% alcohol and water. 

We calculated the total moving distance and the average velocity.  

 

 

 

 

 

 

 

 

Figure 5. Scheme of open field (A), social preference test (B), and acoustic startle reflex 

box (C).  

 

3.4.4 Social preference 

 To clarify whether animals could occur the impairment of social affiliation (one of the 

indexes for negative symptoms) by PCP treatment, we tested the social preference in 

three-chambered social box apparatus (40 × 60 cm). There were two doors that allowed 

animal to freely travel through three chambers (Figure 5B). EthoVision XT 10 was used 

to define/calibrate each chamber, the intruder cage and empty cage, and the sniffing zones 

surrounding the cages. After 10 minute’s habituation to the experiment room, mouse was 
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placed into the chamber to freely explore for 10 minutes. Then, the mouse was locked in 

the middle chamber with two closed doors. Meanwhile, the intruder mouse with the same 

gender and age was placed into the cage positioned at the corner. Subsequently, we 

opened the doors and allowed the experimental mouse travel freely for 10 minutes. 

Between two runs, the arenas were cleaned totally with 20% alcohol and water. We finally 

calculated social preference percentage based on the time spent in intruder and time spent 

in both intruder and empty as the following formula: Social preference (%) = (Time 

intruder)/(Time intruder + Time empty)*100% . 

 

3.4.5 Prepulse inhibition (PPI)  

Although sensory gating deficit did not exclusively occur in schizophrenia, impaired 

prepulse inhibition (PPI), acts as a hallmark of behavioural deficits in human SCZ (175-

179). Although the startle box connected the SR-LAB software was used for the startle 

experiments (Figure 5C).  The whole protocol includes 5 blocks under the 65 dB 

background noise. The block 1 and 5 contained 5 times 120 dB; the block 2 consisted of 

to 80, 90, 100, 110, and 120 dB intensities; the block 3 was preceded by pre-pulse (3, 6, 

12 dB) and followed by 120 dB; the block 4 was preceded by 73 dB pre-pulse with 25, 

50, 100, 200, or 500-ms interval. Before running the blocks, the mice were placed on the 

platform for 5 min acclimatization. We calculated PPI as a percentage from block 3 by 

using the following formula: PPI (%) = (100-(average startle magnitude in prepulse 

trial/average startle magnitude to pulse alone trial) *100) 

 

3.5 The methods used for co-author papers 

 
To understand whether genetic ablation of P2X7Rs altered synaptic strength in CA1 

region under the physiological condition, we tested AMPA/NMDA ratio in CA1 

pyramidal neurons (55) . In addition to PCP-induced schizophrenia model, we also 

examined the role of P2X7Rs in complete Freund's adjuvant (CFA)-induced 

inflammatory pain model (180). 
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3.5.1 AMPA/NMDA ratio in CA1 pyramidal neurons  

The protocol used in this paper (55) was the same as previously described in section 3.4.1. 

The microelectrode filled with aCSF was placed on the surface of on the surface of 

radiatum and lacunosum-molecular layer to stimulate Schaffer collaterals and the 

recorded the response from CA1 pyramidal cells. Although we used -70 mV but not -80 

mV to record AMPA receptor-mediated current amplitude due to the cell type difference, 

we kept all the conditions consistent in different papers.  

 
3.5.2 Acute thermal pain test: the paw withdrawal latency 

To understand that P2X7Rs might play important role in other pathological state, we used 

CFA to establish inflammatory pain model (Figure 6). In this project, we mainly used 

adult male Sprague–Dawley rats (180–220 g of weight). After measuring the baseline of 

Paw withdrawal latency (PWL) with thermal laser stimulation, we injected 100 µl CFA 

into left hind paw of rats and subsequently returned rats back the home cage for 24h. 

Then, we measured the change of PWL to evaluate the success of the model. The thermal 

stimulus instrument was preheated for at least 30 min. The percentage of light beam was 

set for 30% with 20 s cut-off time to avoid over-heat induced tissue damage. All animals 

were placed on the platform and accustomed to the transparent plastic enclosure. The left 

hind paw surface was measured. Each animal was measured 3 times at 0, 30, 60, 90, and 

120 min with 5 minutes interval. The pH of the PBS was 7.4. The antagonist of P2X3R 

(A-317491) and P2X7R (A-438079) were dissolved into PBS buffer. 

 

 

 

 

 

 

Figure 6. Diagram of the CFA injection, drug injection, and paw withdrawal latency 

measurement.  
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3.6 Statistics analysis 

The pClamp 10.2 was used to analysis electrophysiological recordings. GraphPad Prism 

8.0.2 was used for statistical analyses. Before going parametric and non-parametric, we 

examined all the data with normality test and not all the data were normally distributed. 

Therefore, we performed non-parametric methods for statistical analysis. Wilcoxon 

matched-pairs signed rank test was used for the paired t-test and Mann-Whitney test were 

used for unpaired t-test. Kruskal-Wallis or Friedman test was used for one-way ANOVA 

(with or without repeated measures) and two-way ANOVA. The Kolmogorov-Smirnov 

test was used for cumulative probability. Wilcoxon matched-pairs signed rank test was 

used for the paired t-test and Mann-Whitney test were used for unpaired t-test. Kruskal-

Wallis or Friedman test was used for one-way ANOVA (with or without repeated 

measures) and two-way ANOVA, followed by the Dunnett-test and Tukey test were used. 

The data are presented as the means ± SEMs. Sample sizes were chosen based on the 

value sufficient to observe statistical significance in prior studies (55, 181, 182). 

Statistical significance was determined when p*<0.05; p**<0.03; p***<0.01, ns: not 

significant.   
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3.7 Drugs and description 

 
Name  description 
2′(3′)-O-(4-Benzoylbenzoyl)adenosine 5′-
triphosphate triethylammonium salt 
（BzATP） 

P2X7R potent agonist 

5-BDBD P2X4R selective antagonist 

A 438079 hydrochloride P2X7R selective antagonist 

ARL 67156 trisodium salt selective NTPDase inhibitor 

CNQX disodium salt AMPA/Kainate Receptor Antagonist 

DL-AP5 Competitive NMDA Receptor 
Antagonist 

DCG IV group II metabotropic glutamate 
receptors (mGluR2/3) 

D-serine  Potentiator of NMDA recepors 

JNJ 47965567 P2X7R selective and brain permeable 
antagonist 

QX 314 chloride Na+ channel blocker 

SR 95531 hydrobromide Competitive and selective 
GABAA antagonist 

Tetrodotoxin citrate  Na+ channel blocker 

ω-agatoxin TK Blocker of P/Q-Type Ca2+ Channels 

ω-conotoxin GVIA Blocker of N-Type Ca2+ Channels 
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4. Results 

4.1 P2X7R activation changes excitatory neurotransmission onto DG GCs by directly 

increasing the Ca2+ influx via the receptor itself 

4.1.1 Genetic ablation of P2X7Rs changes excitatory neurotransmission onto DG GCs 

All results in this section have been published (183). To understand whether the genetic 

ablation of P2X7Rs could change the excitatory neurotransmission onto DG GCs, we 

examined AMPA receptor-mediated excitatory postsynaptic currents in the presence 

(sEPSC) and absence (mEPSCs) of action potential propagation, respectively, in both WT 

and P2X7R deficient mice at P21-28. Compared to WT, ablation of P2X7Rs robustly 

reduced the number of events in AMPA receptor-mediated s/mEPSC, but did not change 

the amplitude of events (Figure 7A-C).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. AMPA receptor-mediated s/mEPSC on DG GCs in both WT and P2X7 deficient 

mice. (A) Representative traces for AMPA receptor-mediated sEPSC in mice of both 

genotypes. (B) Cumulative probability of interevent interval for sEPSC in both WT and 

P2x7-/-. (C) Summary columns for mEPSC frequency and amplitude. Cumulative 

probability was assessed using the Kolmogorov-Smirnov test. Dots represent the number 

of the cells. Summary data were expressed as the mean ± SEM. Unpaired t-test was used 

to compare two groups. * marks significant difference. * p<0.05, ** p<0.03. ns, no 

significance. 
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We next investigated whether P2X7Rs deficiency also could impair NMDA receptor-

mediated neurotransmission. To address this, we recorded NMDA receptor-mediated 

s/mEPSCs by blocking AMPA receptor components in company with NMDA co-agonist 

D-serine. Compared to AMPA receptor-mediated s/mEPSC, the frequency of events were 

lower and amplitude of events were smaller. Importantly, the NMDA receptor-mediated 

events could be abolished by NMDA receptor blocker DL-AP5. This suggested that the 

detected events were NMDA receptor-mediated events (Figure 8D). Compared to WT, 

P2x7-/- mice showed fewer events and the amplitude remained unchanged (Figure 8A-

C). To further understand whether P2X7Rs affected neurotransmission in an age-

dependent manner, we also examined NMDA receptor-mediated mEPSC in adult. 

Similarly, we observed the decreased number of events in P2x7-/- mice in comparison 

with the WT counterparts at the same age. Again, the amplitude remained unchanged. 

Compared to two different ages, we did not observe significant alteration in either WT or 

P2x7-/- mice (Figure 8E). These results suggested that P2x7-/- altered DG GC 

neurotransmission and the regulatory effect was not age-dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 
 

Figure 8. NMDA receptor-mediated s/mEPSC on DG GCs in both WT and P2X7 deficient 

mice. (A) Representative traces for NMDA receptor-mediated sEPSC in two genotypes, 

respectively. (B) Cumulative probability of interevent interval and summarized columns 

for frequency and amplitude in NMDA receptor-mediated sEPSC. (C) Summary data for 

frequency and amplitude of NMDA receptor-mediated mEPSC. (D) Change of NMDA 

receptor-mediated mEPSC frequency over the time in two genotypes in the presence of 

DL-AP5. (E) NMDA receptor-mediated mEPSC frequency and amplitude in two 

genotypes at different ages. The cumulative probability was assessed using the 

Kolmogorov-Smirnov test. Dots represent the number of the cells. Summary data are 

shown as the mean ± SEM. Unpaired t-test and One-way ANOVA by Dunnett’s test used 

for two groups and multiple groups comparison. * marks significant difference. * p<0.05, 

** p<0.03, *** p<0.01. ns, no significance. 

 

4.1.2 Activation of P2X7R modulated DG GC excitatory neurotransmission from 

presynaptic site 

All results in this section have been published (183). The results from the P2X7Rs 

deficient animals could not exclude the possibility that the removal P2X7Rs indirectly 

changes the excitatory neurotransmission, we next investigate the direct participant of 

P2X7Rs in this process by using the P2X7Rs potent agonist BzATP and selective 

antagonist JNJ-47955567.  It is well-known that ATP becomes hydrolysed into ADP in 

the presence of nucleoside triphosphate diphosphohydrolase1 (NTPDase1, CD39). The 

ARL67156 is a commonly used ecto-ATPase inhibitor and could protect BzATP from 

hydrolysis into Bz-adenosine (62, 184), since it will inhibit the  neurotransmission once 

the Bz-adenosine further activates adenosine receptor 1 (185, 186). Therefore, we added 

ARL67156 into ACSF to minimize the BzATP hydrolysis. Under this condition, we 

directly applied BzATP (1 mM) via a fast drug application system (Figure 9A) to the 

molecular layer of DG for 30s after baseline recording, we found that the frequency of 

NMDA receptor-mediated sEPSC dramatically increased and was washed out completely 

(Figure 9B-D). Remarkably, 1mM BzATP-induced potentiation was efficiently 

suppressed by bath application of P2X7R selective antagonist JNJ-47955567 (Figure 9E 

and F).   
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Figure 9. NMDA receptor-mediated sEPSC on DG GCs by pharmacological 

manipulation of P2X7Rs. (A) The scheme of puff in the DG region. (B) Representative 

traces for NMDA receptor-mediated sEPSC by 1 mM BzATP puff for 30s. (C) Cumulative 

probability of interevent interval for sEPSC and (D) summarized data for frequency and 

amplitude. (E and F) Frequency and amplitude change in the presence of 10 µM 

JNJ47965567. Cumulative probability was assessed using the Kolmogorov-Smirnov test. 

Dots represent the number of the cells. Summary data are shown as the mean ± SEM. 

Multiple groups comparison were tested by one-way ANOVA repeated measures by 

Dunnett’s test. * marks significant difference. ** p<0.03, *** p<0.01. ns, no significance. 

 

To understand the direct activation of P2X7Rs also could change the NMDA receptor-

mediated mEPSCs without action potential propagation, we used the same puff method 

as previous described in section 3.2.2. Unsurprisingly, we also found that 1 mM BzATP 

increased the frequency of NMDA receptor-mediated mEPSCs and the increase was 

reversed by P2X7Rs antagonist JNJ-47965567 (Figure 10A and B). These data suggested 

that P2X7Rs directly participate in the regulation of DG GC excitatory neurotransmission 

from the presynaptic sites. However, BzATP-induced effect showed a concentration 

dependent manner, since 300 uM BzATP puff did not change the frequency (Figure 10C).  
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Figure 10. NMDA receptor-mediated mEPSC on DG GCs by pharmacological 

manipulation of P2X7Rs. (A and B) 1 mM BzATP puff induced the frequency and 

amplitude change of NMDA receptor-mediated mEPSC in the absence and presence of 

10 µM JNJ-47965567. (C)  300 µM BzATP application-induced change of NMDA 

receptor-mediated sEPSC. Cumulative probability was assessed using the Kolmogorov-

Smirnov test. Dots represent the number of the cells. Summary data are expressed as the 

mean ± SEM. Multiple groups comparison have been tested by using one-way ANOVA 

repeated measures by Dunnett’s test. * marks significant difference. ** p<0.03, *** 

p<0.01. ns, no significance. 

 

We also examined the frequency potentiation induced by 1 mM BzATP in P2x7-/- mice 

(Figure 11A). This was presumably due to the activation of other P2X receptors by high 

concentration of BzATP. To clarify this possibility, we checked the involvement of other 

P2 receptors with an emphasis on BzATP sensitive P2X4 receptors for following reasons. 

Firstly, P2X7/4Rs could form the heteromeric receptors with P2X7Rs and the receptor 

expression is regulated by each other (174). Secondly, BzATP sensitive P2X4Rs also 

participate in the regulation of synaptic neurotransmission in the CNS (187-189). As 

expected, we found that the protein expression of P2X4R was upregulated in P2x7-/- mice 

(Figure 11B). Additionally, the 1 mM BzATP-induced NMDA receptor-mediated sEPSC 

frequency potentiation in P2x7-/- was inhibited when the slices were perfused with 

P2X4R selective antagonist 5-BDBD (Figure 11C). Altogether, these data pointed out the 

potential involvement of P2X4Rs. 
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Figure 11. Involvement of P2X4Rs in DG GCs neurotransmission. (A) 1 mM BzATP-

induced NMDA receptor-mediated sEPSC in P2x7-/- mice. (B) P2X4 protein expression 

bands and the quantitative data. This experiment was performed by Dr. Andras Iring. (C) 

Left, the representative traces for NMDA receptor-mediated sEPSC in P2x7-/- mice. 

Right, cumulative probability of frequency and the summarized data in the presence of 5-

BDBD. The cumulative probability was assessed using the Kolmogorov-Smirnov test. 

Dots represent the number of the cells. The data dots from B represent the number of wels 

from 3 animals. Summary data are shown as the mean ± SEM. One-way ANOVA repeated 

measures by Dunnett’s test and unpaired t-test were used. * marks significant difference. 

* p<0.05, ** p<0.03. ns, no significance. 

 

4.1.3 Regulation of DG GC excitatory neurotransmission by P2X7Rs activation 

originates from the EC-GC pathway (perforant path) 

All results in this section have been published (183). Previous data has shown that acute 

activation of P2X7Rs lead to the increase of DG GCs glutamate release by changing the 

frequency, indicating the involvement of the presynaptic site, but it is still unclear whether 

this regulatory effect displays the input specificity. Indeed, DG GCs receive several 

excitatory inputs from the entorhinal cortex (EC-GC, also called perforant path), the hilar 

mossy cell (MC-GC) as well as the supramammillary nucleus (69, 70). In this project, we 

mainly focused on EC-GC and MC-GC pathway inputs to record extracellular 

stimulation-evoked currents and measure their paired pulse ratio, which referred to 
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presynaptic mechanism. To distinguish two different inputs, we placed the stimulating 

electrode in outer (LPP) and middle (MPP) molecular layers where perforant path are 

present (Figure 12A) and in inner molecular layer of the DG where MC-GC axons 

innervate (Figure 14A), respectively. Meanwhile, we employed DCG-IV, a selective 

agonist of group II metabotropic glutamate receptors (mGluR2/3), at end of recording to 

identify the fibers, since mGluR2/3 is expressed in the EC GC but not in the MC-GC 

pathway (100).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. P2X7Rs regulate excitatory neurotransmission through the EC-GC pathway 

(LPP and MPP). (A) Stimulation diagram for EC-GC pathway. (B) The representative 

traces for BzATP and JNJ-47965567 application. (C) 1st pulse-induced EPSCs amplitude 

over the recording time in different conditions in LPP. (D) Summary data for PPR. (E 

and F) The summary data for PPR in the presence of two P2X7Rs antagonists JNJ-

47965567 and A438079, respectively. (G) 1st pulse-induced EPSCs amplitude over the 

recording time and the PPR value in MPP. Dots represent the number of the cells. 

Summary data are showed as the Mean ± SEM. One-way ANOVA repeated measures by 
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Dunnett’s test were used to test the statistical difference. * marks significant difference. 

* p<0.05. ns, no significance. 

 

We found that the first pulse-induced current amplitude dramatically decreased when 

applied to DCG-IV in EC-GC fibers (Figure 12C). On the contrary, DCG-IV application 

did not change the first pulse-induced current amplitude in MC-GC fibers (Figure 14B). 

These suggested that we could successfully distinguish two inputs neuroanatomically and 

pharmacologically. In the LPP, we found that 1 mM BzATP application potentiated the 

1st pulse-induced EPSC current amplitude, contributing to the decrease of PPR (Figure 

12B-D). However, the P2X7Rs antagonists JNJ-47965567 (Figure 12E) and A438079 

incubation inhibited the effect of BzATP (Figure 12C). Moreover, we had the similar 

observation when the MPP was targeted. (Figure 12G).  

 

Previous studies have shown that the P2X7R affinity for its agonists was reduced in the 

presence of physiological concentration of extracellular Ca2+, thus the low Ca2+ (0.3 or 

0.5 mM) solution was used (64, 173). To check whether the effect of BzATP on P2X7Rs 

could be augmented by low Ca2+ solution, we decreased the extracellular concentration 

of Ca2+ from 1.3 mM to 0.5 mM. Under this condition, we still observed that BzATP 

efficiently elevated the 1st pulse-induced current amplitude (Figure 13A) in EC-GC 

pathway, but not in MG-GC pathway (Figure 14B). Additionally, this effect was blocked 

by JNJ-47965567 (Figure 13A). Of note, the eEPSC amplitude was much smaller than in 

ACSF solution containing 1.3 mM Ca2+. However, the BzATP-induced effect was no 

longer occurred when we increased the extracellular Ca2+ concentration from 1.3 mM to 

2.6 mM in EC-GC pathway (Figure 13B). Together with the results from 1.3 mM Ca2+ 

these data indicated that Ca2+ concentration-dependent blockage of P2X7Rs to BzATP 

occurred in a higher extracellular Ca2+ concentration. 

 

Remarkably, when we placed the stimulating electrode into the inner molecular layer of 

DG where the MC-GC fibers present, we did not obtain the similar results with EC-GC 

fibers stimulation. Instead, we found that 1 mM BzATP application did not change the 

1st pulse induced EPSC amplitude (Figure 14B) and PPR value in both normal ACSF 

containing 1.3 mM Ca2+ (Figure 14C) and ACSF containing 0.5 mM Ca2+ (Figure 14D). 
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These results suggest that MC-GC pathway was not linked to P2X7R activation induced 

increase of excitatory neurotransmission in DG GCs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. PPR data in extracellular solution containing 0.5 mM and 2.6 mM Ca2+ in 

LPP.  (A) PPR value in BzATP and JNJ-47965567 application in 0.5 mM Ca2+ solution. 

(B) Time course of 1st pulse-induced EPSCs amplitude in the presence of 2.6 mM Ca2+. 

Each data dot represents the number of the cell. Summary data are expressed as the mean 

± SEM. one-way ANOVA repeated measures by Dunnett’s test was used. * marks 

significant difference. ** p<0.03, ns, no significance. 

 

 

 

 

 

 

 

 

Figure 14. MC-GC pathway did not contribute to P2X7Rs-regulated DG-GC 

neurotransmission. (A) Diagram for stimulating and recording electrodes in DG for MC-

GC pathway. (B) Time of course of 1st pulse-induced EPSCs amplitude in the MG-GC 

pathway. (C and D) Summary data for PPR in the presence of 1.3 mM Ca2+and 0.5 mM 
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Ca2+, respectively. Dots represent the number of the cells. Summary data are shown as 

the Mean ± SEM. One-way ANOVA repeated measures by Dunnett’s test was used. ns, 

no significance.  

 

4.1.4 Activation of P2X7Rs on EC boutons directly promoted the Ca2+ influx  

All results in this section have been published (183). A line of evidence suggest that the 

activation of P2X7Rs caused Ca2+ influx via the channel itself, but no data has indicated 

whether P2X7Rs directly express on EC GC (perforant path) boutons to elicit the influx 

of Ca2+ into these boutons, followed by the increasing of neurotransmission. To clarify 

this, we injected virus pAAV1-hSynapsin1-axon-GCaMP6s in EC and expressed Ca2+ 

indicator on PP. In DG molecular layer, the fibers originated from LEC (LPP) and the 

fibers derived from MEC (MPP) carry distinct information. Therefore, we injected the 

virus into LEC and MEC based on different coordinates in different animals (Figure 15A 

and B). After 2 weeks of expression, we sacrificed animals to check virus expression. In 

the LEC, we found the GCaMP6s positive axons mainly innervated the outer part of DG 

molecular layer where LPP expressed. Similarly, GCaMP6s positive axons expressed in 

middle part of molecular layer where MPP present when we injected the virus into MEC.  

 

Although the possibility of these LPP or MPP fibers contaminate with somatodendritic 

part is quite low, we double stained presynaptic marker Vglut1 and postsynaptic marker 

Homer1. The staining result showed that the presynaptic marker Vglut1 localized at 

GCaMP6s positive boutons and Homer1 positive puncta closed to boutons (Figure 15C). 

These results confirmed that the fibers were axons with boutons, but not dendrites. We 

next checked the expression of P2X7Rs on these boutons with P2X7R antibody. we found 

that P2X7R positive puncta were localized on boutons in WT animals but not P2X7R 

deficient mice (Figure 15D). To further address whether the expression of P2X7Rs in 

MPP and LPP was different, we randomly quantified the number of P2X7Rs positive 

puncta in every 50 boutons in each picture and found that there was no expression 

difference in both MPP and LPP (Figure 15E). 
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Figure 15. pAAV1-hSynapsin1-axon-GCaMP6s and expression in DG. (A) Scheme for 

virus injection in EC. (B) Upper panel, the injection point in the LEC (Scale: 200 µm). 

Lower panel, the axon expression in hippocampus (scale: 50 µm). (C) Representative 

double staining pictures, showing that presynaptic marker Vglut1 located on boutons but 

postsynaptic marker Homer1 just close to boutons (scale: 1 µm), this experiment was 

performed by Dr. Antónia Arszovszki. (D) Representative P2X7Rs staining images from 

both WT and P2X7R deficient mice (scale: 20 µm and 1). (E) Quantification of P2X7Rs 

positive puncta in LPP and MPP boutons in WT mice. Dots represent the number of P2X7 

positive puncta. Summary data are expressed as the mean ± SEM. Unpaired t-test was 

used. ns, no significance. 

 

Next, we tested the functionality of GCAMP6s indicator in acute hippocampal slices with 

multiphoton microscope in company with extracellular stimulation. We placed the 

stimulating electrode 200 μm away from the scanning area to deliver 5 electrical pulses 

with different frequencies in a random order (60 Hz>10 Hz>100 Hz>30 Hz) (Figure 16A). 

In the presence of normal ACSF solution composed of 1.3 mM Ca2+/2 mM Mg2+, 5 pulses 
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of 60 Hz dramatically saturated the axonal GCaMP6s indicator and there was no further 

increase of fluorescence intensity when applied to 100 Hz (Figure 16B-D). Therefore, we 

chose to use 5 pulse of 10 Hz as our stimulating protocol for all experiments. In our 

preliminary experiment, we found that Z direction drift induced by upright microscope 

when the protocol was more than 10 minutes. To minimize instability, we ended each 

experiment within 5 minutes. Under this condition, we did control group and found that 

fluorescence intensity-related amplitude did not change in 5 minutes (Figure 16E and F). 

Therefore, we used this 5 minute’s protocol for following experiments. 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Electric stimulus-induced Ca2+ influx related fluorescence intensity. (A) 

Diagram for electrical stimulation and multi-photon scanning. (B) Representative traces 

(the grey curves represented the response from individual bouton, the red curve was the 

average for all boutons in one slice) for 5 pulses of 10, 30, 60, 100 Hz induced-Ca2+ influx 

spikes in a random sequence. (C) Original traces from different slices (each curve 

represented the average response of all boutons in one slice). (D) Summary data for the 

Ca2+ spikes by different frequencies. (E and F) Representative traces generated from 5 

pulses of 10 Hz in control recording (E: Representative traces from one slice; F: each 

curve represented the average response of all boutons in one slice). Summary data were 

showed as mean ± SEM. One-way ANOVA repeated measures by Dunnett’s test was used. 

* marks significant difference. * p<0.05. 
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According to the immunostaining result showing the P2X7Rs expression on boutons, we 

expected that stimulation-evoked Ca2+ influx should be elevated once the receptors are 

activated by agonist. To test this, we applied to 1 mM BzATP to activate the receptors 

and scanned the fluorescence intensity change in the LPP. We found that 1mM BzATP 

application increased the peak of the action potential relevant GCaMP-fluorescence 

intensity in comparison with the baseline (Figure 17A and B). The BzATP-induced 

elevation was inhibited by pre-incubation of P2X7Rs antagonist JNJ47965567 (Figure 

17C and D). In addition to the kinetics of fluorescence curves, BzATP application did not 

change the area under the curve, suggesting that the activation of P2X7Rs did not change 

the kinetics of Ca2+ spikes induced by electric pulses (Figure 17B and D). Additionally, 

we observed the similar results when we targeted the MPP (Figure 17E and F). Together, 

all these data suggested that the activation P2X7Rs on boutons by agonist directly 

increased the stimulation evoked Ca2+ influx in both LPP and MPP in the presence of 

ACSF solution composed of 1.3 mM Ca2+/2 mM Mg2+.  
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Figure 17. P2X7Rs activation induced-Ca2+ influx on LPP and MPP axonal boutons. (A 

and C) Representative individual Ca2+ spike-related traces and averaged traces from 

different slices. (B and D) Summary data for peak amplitude and area under the curve. 

(E and F) Representative traces and data column for peak amplitude and area under the 

curve in the MPP. (G and H) Representative traces and summary data for peak amplitude 

and area under the curve in 0.5 mM Ca2+ in the LPP. (I) Dots represent the number of 

the slices. Summary data are shown as the mean ± SEM. Paired t-test was used. * marks 

significant difference. * p<0.05, ** p<0.03. ns, no significance. 

 

Although we also found that BzATP application also increased the Ca2+ spike amplitude 

in the presence of ACSF containing 0.5 mM Ca2+/0 mM Mg2+ in the LPP (Figure 17G-I), 

the increase was not higher than in the presence of normal Ca2+ (1.3 mM) group. 

However, the low Ca2+ groups significantly changed the kinetics of the spikes, as the area 

under the curve was larger in BzATP application compared to baseline and the increase 

of area under the curve was blocked by JNJ47965567. 

 

When we analysed the individual boutons, we found that not all the boutons have response 

to BzATP. We found that 48 out of 228 boutons showed an increased fluorescence 

intensity in control group in WT mice. However, the proportion of boutons positively 

responding to BzATP was significantly higher than in WT control group. The blockage 

of P2X7Rs by JNJ47965567 dramatically decreased the number of BzATP-sensitive 

boutons (76 of the total 397 boutons), suggesting the direct involvement of P2X7Rs. We 

also detected that 189 boutons of the total 610 boutons displayed a positive response to 

BzATP in P2X7R deficient mice. Although the proportion is slightly larger than in 

control, it was still less than in BzATP WT group (Figure 18A and B).  
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Figure 18. Bouton numbers referring to increasing fluorescence intensity (positive 

responder) in different conditions. (A) Proportion of positive responders in total detected 

boutons in WT-control, WT-BzATP, WT-JNJ-BzATP and P2rx7-/--BzATP groups. (B) 

Summary data for the number of positive responders in each condition. Dots represent 

the number of the slices.Summary data are shown as the mean ± SEM. One-way ANOVA 

by Dunnett’s test was employed. * marks significant difference. ** p<0.03. 

 

4.1.5 P2X7R has no interaction with P/Q and N-type voltage-gated Ca2+ channels 

All results in this section have been published (183). Although previous data showed that 

P2X7Rs activation directly increased the influx of Ca2+, it is unclear whether P2X7Rs 

function together with the voltage-gated Ca2+ channels (VGCCs). Additionally, the motor 

synapse study has reported that activation of P2X7Rs could potentiate presynaptic L-type 

Ca2+ channels by Ca2+/CaMkII (190). We next checked whether this interaction also 

occurs in EC GC synapses, where P/Q-type and N-type VGCCs are the predominant 

Ca2+ sources to trigger neurotransmitter release (191). We placed the stimulating 

electrode in the molecular layer of DG to evoke the EPSCs and then activated P2X7Rs 

by 1 mM BzATP (Figure 19A). Unsurprisingly, 1 mM BzATP significantly increased the 

peak amplitude of eEPSCs and the potentiation induced by BzATP was suppressed when 

blocked P2X7Rs by JNJ-47965567 (Figure 19B-D). Then, we employed ω-Aga TK and 

ω-CTX GVIA to block P/Q type and N-type Ca2+ channel, respectively. After 30 minute 

of slice incubation with 200 μM ω-Aga TK or 100 μM ω-CTX GVIA dissolved into BSA 

(Figure 19E), we found the amplitude of eEPSCs dramatically decreased and maintained 

after 30 minutes. Subsequently, we applied to 1 mM BzATP. Compared to baseline (after 

30 min incubation) (Figure 19F and G), BzATP elevated the amplitude of eEPSCs in both 

ω-Aga TK and ω-CTX GVIA conditions, despite that the later one did not show statistical 

significance. These results indicated that P2X7Rs affected eEPSC via the receptor itself 

and did not interact with P/Q and N-type voltage-gated Ca2+ channels. 
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Figure 19. P2X7Rs did not interact with P/Q and N-type Ca2+ channels in EC-GC. (A) 

Diagram for stimulating and recording electrodes. (B) Representative eEPSC traces. (C) 

The eEPSCs change over the time in different conditions. (D) Summary data showing the 

eEPSCs change induced by BzATP traces in the absence and presence of P2X7Rs 

antagonist. (E) eEPSCs amplitude change in the presence of ω-Aga TK and ω-CTX GVIA, 

respectively. (F) Effect of BzATP on eEPSCs when blocked P/Q type Ca2+ channel and 

N-type Ca2+ channel. (G and H) Representative eEPSC traces and the summary data for 

eEPSC induced by BzATP in the presence of two Ca2+ channels blockers. Dots represent 

the number of cells. Data are shown as the mean ± SEM. One-way ANOVA repeated 

measures by Dunnett’s test was used.  * marks significant difference. * p<0.05, ** 

p<0.03. ns, no significance. 
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4.2 Involvement of P2X7R in postsynaptic site depends on cell type and 

pathophysiological conditions  

4.2.1 Genetic ablation of P2X7Rs does not alter the number of DG GC dendritic spine 

under physiological conditions 

All results in this section have been published (55, 183). Regarding that a decrease in the 

postsynaptic spine number can also contribute to a lower neurotransmitter release 

frequency, we next examined biocytin-labelled GC morphology and counted the number 

of dendritic spines. We found that the length and number of intersections of DG GC 

dendrites were not altered in the P2X7R-deficient group in comparison to the WT group 

(Figure 20A). Subsequently, quantification of the spine numbers showed that there was 

no change in spine density of dendrite at distances of 100, 150, and 200 μm from the soma 

in mice of the two genotypes (Figure 20B and C). 

 

 

 

 

 

 

Figure 20. Morphology of DG GC in WT and P2rx7-/- mice. (A) Representative dendritic 

branches in two genotypes (Scale: 50 µm). (B) Representative images from the dendrites 

with spines (Scale: 10 µm). (C) Summary spine number from proximal and distal 

dendritic branches. Dots represent the number of spines. Data are shown as the Mean ± 

SEM. Two-way ANOVA multiple comparison by Dunnett’s test was employed. ns, no 

significant difference. 

 

Previous electrophysiological studies reveal a potential link between P2X7Rs and 

NMDARs in pyramidal neurons (13) and neural progenitor cells (NPCs) in the 

subgranular zone of the DG (192). However, whether these receptors directly interact 

with one another in DG GCs soma is unclear. Thus, we applied NMDA at concentrations 

of 10 and 100 μM for 10 s to evoke NMDARs-mediated currents (Figure 21A and B), 

which were dramatically inhibited by the NMDA antagonist DL-AP5 (Figure 21C). After 
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two stable baseline current responses, 1 mM BzATP (Figure 21D) or 10 μM 

JNJ47965567 (Figure 21E) was applied. We found that NMDARs currents were 

unaffected by pharmacological manipulation of P2X7Rs (activation or inhibition), 

suggesting that there was no direct interaction between P2X7Rs and NMDARs in DG 

GCs soma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Interaction between P2X7Rs and NMDA receptors in DG GCs somata. (A) 

Scheme of NMDA puff. (B) Exogenous NMDA-triggered currents before, during and after 

BzATP application. (C) Summary data indicating the blockage of NMDA currents by 

NMDA receptor antagonist D-AP5. (D and E) Data showing the change in BzATP and 

JNJ-4796556 application. Dots represent the number of cells. Data are shown as the 

Mean ± SEM. One-way ANOVA repeated measures and Two-way ANOVA multiple 

comparison by Dunnett’s test were utilized.  *** P<0.01. ns, no significance. 

 

Additionally, previous study found that genetic absence of P2X7Rs specifically change 

the excitability of mPFC layer V neurons. Thus, we checked whether the genetic ablation 

of P2X7Rs also changed the intrinsic excitability of the DG GCs. We did not observe 

difference between the two genotypes, although the adult mice showed a slightly higher 

action potential amplitude compared to the juveniles in WT but not in P2X7R deficient 
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mice (Table 1). Therefore, the postsynaptic mechanism is unlikely to be associated with 

P2X7R-mediated modulation of excitatory neurotransmission demonstrated above. 

 

 



     
 

                  WT Significance 

  (ANOVA) 

               P2x7-/-   Significance 

    (ANOVA) 

 P20 (23)      P60 (20)  P20 (15)     P60 (14)  

RMP (mV) -74.98 ± 1.26 -74.43 ± 1.11 P= 0.74 -74.26 ± 1.29 -73.71 ± 1.75 P= 0.79 

IR (MΩ) 249.76 ±11.66 226.16 ± 14.81 P= 0.21 262.45 ±10.36 239.35 ± 8.67 P= 0.10 

Maximal Freq (Hz) 31.69 ±1.03 31.55 ± 0.72 P= 0.91 30.56 ± 1.07 30.16 ± 0.86  P= 0.77 

Threshold (mV) -43.54 ± 1.71 -40.67 ± 1.29 P= 0.19 -42.58 ± 1.70 -40.70 ± 1.09 P= 0.37 

Amplitude (mV) 78.00 ± 2.70 87.27 ± 2.62 p= 0.01 83.01 ± 2.40 87.00 ± 2.36 P= 0.24 

Rise time (ms) 0.88 ± 0.020 0.85 ± 0.028 P= 0.87 0.88 ± 0.02 0.84 ± 0.03 P= 0.27 

Half-width time (ms) 1.48 ± 0.03 1.48 ± 0.04 P= 0.62 1.49 ± 0.03 1.45 ± 0.05 P= 0.90 

AHP (mV) 6.24 ± 0.36 9.78 ± 0.61 P < 0.0001 6.48 ± 0.29 8.94 ± 0.85 P= 0.01 

Table 1. Membrane properties and intrinsic excitability of DG GCs in each group. Data shown as mean ± SEM, Two-way ANOVA multiple 

comparison by Dunnett’s test, p value has been showed in the table.



     
 

 

4.2.2 Genetic deletion of P2X7R restores AMPA/NMDA ratio in PCP-treated animal  

All results in this section have been published (55, 183). We next investigated whether 

genetic ablation of P2X7Rs changed synaptic plasticity. We first measured the 

AMPA/NMDA ratio at EC GC synapses on P21-28 after postnatal PCP or saline 

treatment. We found AMPA/NMDA ratio robustly increased when animals were treated 

with PCP in WT, indicating postanal PCP treatment impaired the EC GC synapse by 

altering AMPA/NMDA ratio (Figure 22A and B). To analyse components, we found that 

NMDA receptor components instead of AMPA receptor components were inhibited. 

Importantly, P2X7R deficiency rescued NMDA receptor components, further 

contributing to recovery of the AMPA/NMDA ratio. These data addressed that P2X7Rs 

deficiency resisted the alteration of synapse plasticity under pathological condition.  

 

Compared to WT mice treated with saline, we did not detect any genotype-related change 

in AMPA/NMDA ratio, AMPA or NMDA receptor-mediated current amplitude, rise time 

and decay time in P2X7Rs deficient mice. This suggested the genetic absence of P2X7Rs 

did not change the property of the EC GC synapse (Table 2). In our previous study, we 

found that CA1 pyramidal cell showed less dendrites and spines in P2X7Rs deficient mice 

compared to WT counterparts (55). Therefore, we aimed to clary whether genetic ablation 

of P2X7Rs could change synapse property in a cell type-specific manner. Compared to 

EC GC synapses, the synapses from CA1 displayed genotype difference. Although 

AMPA/NMDA ratio did not change (Figure 22C and D) (55), the amplitude of AMPA 

and NMDA receptor-mediated currents were smaller in P2X7Rs deficiency mice (Table 

2). Nevertheless, the rise time and decay time did not change. Together, these data 

indicated that the genetic ablation of P2X7Rs altered the synaptic plasticity in a cell-type 

specific manner under physiological condition. 
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Figure 22. AMPA/NMDA ratio in DG GCs and in CA1 regions pyramidal cells. (A) 

Original traces for AMPA and NMDA receptor-mediated currents in DGs. (B) Summary 

data for AMPA/NMDA ratio in DG GCs. (C and D) Representative traces and summary 

data for AMPA/NMDA ratio in CA1 pyramidal cells. Dots represent the number of cells. 

Data are shown as the mean ± SEM. One-way ANOVA by Dunnett’s test and unpaired t-

test were used. ** P<0.03. ns, no significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



     
 

 

  WT P2x7-/- 

  Amplitude 

(pA) 

Rise time (ms) Decay time (ms) Amplitude (pA) Rise time (ms) Decay time 

(ms) 

DG GCs + 

Saline  

AMPA 232.1 ± 34.21 3.126 ± 0.25 49.69 ± 5.4 212.9 ± 36.09 3.06 ± 0.43 45.37 ±11.35  

NMDA 199.1 ± 29.11 6.27 ± 0.36 146.3 ± 13.8 157.1 ± 31.88  5.47 ± 0.38 125.9 ± 11.57 

DG GCs + 

PCP 

AMPA 185 ± 31.34 3.77 ± 0.36  35.08 ± 4.42 178.6 ± 28.53 3.03 ± 0.19 33.25 ± 3.25 

NMDA 66.06 ± 11.56 ** 7.28 ± 0.45 118.9 ± 1.75 98.79 ± 11.43  7.53 ± 0.38 122.8 ± 1.39 

CA1  

Pyramidal 

cells  

AMPA 157 ± 30.7 3.93 ± 0.42 55.30 ± 3.45 56.29 ± 6.89 ## 3.84 ± 0.306 56.54 ± 1.77 

NMDA 64.67 ± 9.10 8.72 ± 0.35 127 ± 2.37 27.25 ± 3.55 ## 8.51 ± 0.42 124 ± 2.38 

 

Table 2. Parameters of AMPA/NMDA ratio in both DG GCs and CA1 pyramidal cells. NMDA receptor-mediated amplitude in DG GCs+PCP 

compared to DG GCs+Saline.  One-way ANOVA by Dunnett’s test and paired-t test. ** p<0.03. NMDA and AMPA receptor amplitude in 

WT and P2x7-/- mice. ## p<0.03. 
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4.3 The potential therapeutic effect of P2X7Rs blockage/deletion on different pathological 

models.  

To identify the role of P2X7Rs in pathological conditions, we mainly established PCP-induced 

schizophrenia model in mice and CFA-induced inflammatory pain model in rats. 

 
4.3.1 Genetic ablation of P2X7R attenuates postnatal PCP-induced schizophrenia-like 

symptoms in mice 

All results in this section have been published (183). To establish a neurodevelopmental model 

of SCZ, we injected PCP into male pups at P7, 9, 11 and checked the behaviour alterations in 

both juveniles and adults. We monitored the body weight change over the growing up period. 

After an acute injection, the body weight of WT mice treated with PCP slightly decreased but 

did not show significant difference when animals reached to adulthood (Figure 23). 

 

 

 

 

 

 

 

Figure 23. Body weight of animals at different time points in each group.  

 

In WT groups, PCP treatment showed significantly longer moving distance in 10 minutes 

compared to saline treatment in both T-maze and open field diagram. This displayed that the 

PCP treatment successfully resulted in hyper locomotor activity which remained in adulthood 

(Figure 24A). We also examined working memory and recognition paradigms, including 

spontaneous alteration and novel object recognition in T maze. In juvenile mice, PCP treatment 

decreased the percentage of spontaneous alteration, suggesting that the ability to remember the 

previous arm travelled was impaired due to PCP treatment (Figure 24B left). Interestingly, we 

found that PCP-induced deficit of spontaneous alteration did not show in young adults (Figure 

24B right). This indicated that the maturation process somewhat reduced the susceptibility to 

PCP in this paradigm. In novel object recognition test, PCP treated animals did not show 

disturbance in the ability to discriminate the novel object in either juvenile or young adults 
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(Figure 24C). To minimize the stress, we did not include other paradigms in juvenile mice. 

Nevertheless, we added social preference and acoustic startle reflex in young adult mice. In 

three chamber social preference test, we did not observe the impairment of social affiliation, 

suggesting that PCP treatment in our model did not affect the social interaction (a negative 

symptom) (Figure 24D). Given that sensorimotor gating disturbance is a common feature for 

schizophrenia patients and prepulse inhibition normally was employed to as operational 

measurement of sensorimotor gating, we utilized acoustic startle box to test the acoustic startle 

reflex, especially prepulse inhibition. In comparison with saline-treated animals, postnatal PCP 

injection slightly disturbed prepulse inhibition in response to 3dB and 6dB, and severely 

impaired prepulse inhibition when animals received 12 dB prepulse stimulation (Figure 24E). 

These data suggested that animals were unable to suppress the motor response when the startle-

eliciting pulse was preceded by a weaker prepulse. To sum up, postnatal PCP injection could 

successfully reproduce schizophrenia-like symptoms.  
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Figure 24. Behavioural testing of two genotypes at different ages. (A) Summary data from the 

distance travelled. (B) Summary column for arm spontaneous alteration test. (C) Statistic data 

for novel object recognition test. (D) Data column for social preference test. (E) Summary data 

demonstrating the prepulse inhibition test. (F) Data summary for the startle interstimulus 

interval. Behavior from juveniles were performed by Dr. Bibiána Török. Dots represent the 

number of animals. Summary data are shown as the mean ± SEM. One-way ANOVA by 

Dunnett’s test was used. * marks significant difference. * p<0.05, ** p<0.03. ns, no 

significance. 

 

Remarkably, we found that the absence of P2X7Rs alleviated the above behaviour alterations 

induced by postnatal PCP injection.  In contrast to WT groups, we found that PCP treatment-

induced hyper locomotor activity was missing in P2X7R deficient mice (Figure 24A), 

suggesting that the genetic ablation of P2X7Rs alleviated PCP-induced positive symptoms. 

Additionally, P2X7Rs deficient animals did not show disturbance of spontaneous alterations 

after PCP treatment (Figure 24B). This suggested that the genetic absence of P2X7R also 

suppressed the PCP-induced working memory impairment. Furthermore, P2X7R deficient mice 

treated with PCP did not exhibit prepulse inhibition impairment as we observed in WT groups 

(Figure 24E), addressing that the absence of P2X7Rs also attenuated the PCP-induced alteration 

of sensory gating. Moreover, we found that P2X7R deficient mice treated by saline did not 

show different behaviour paradigms, which excluded the influence of gene ablation under 

physiological condition, although we observed decreased response to higher acoustic stimulus 

(120 dB) in P2X7Rs deficient mice (Figure 24F). Together, these data indicated that the genetic 

ablation of P2X7Rs alleviated postnatal PCP induced schizophrenia-like symptoms in both 

juvenile and young adults. 

 

4.3.2 Blockage of P2X7R relieves Complete Freund's adjuvant (CFA)-induced inflammatory 

nociception in rat 

All results in this section have been published (180). To understand the role of P2X7Rs in 

another pathological condition, we established inflammatory pain model (arthritic rat model) 

by injecting CFA into the left hind paw intra-plantar. Compared to pre-CFA injection, CFA 

injection decreased the paw withdrawal latency (PWL) in all groups, suggesting CFA injection 

successfully led to thermal hypersensitivity. Remarkably, the injection of 300 nM A438079 
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(The IC50 of A438079 is 300 nM), the selective antagonist of P2X7Rs which was available in 

Prof. Tang’s lab in China, acutely relieved the pain as the time of PWL increased at 0 min 

(Figure 25). Although the effect gradually decreased after 30 min, it was still higher than in 

CFA-alone group. These data indicated that blockage of P2X7Rs relieved CFA-induced acute 

thermal pain. Although the participation of P2X3Rs in pain sensation has been described by 

others (193, 194), we also tested the effect of P2X3Rs blockage by its antagonist A317491 300 

nM (the IC50 for A317491 is 300 nM) on CFA-induced pain. Unsurprisingly, the PWL time 

increased when P2X3Rs were blocked by antagonist, indicating the regulatory effect of P2X3Rs 

on this model. Furthermore, we found that the co-application of P2X3Rs and P2X7Rs 

antagonists caused a larger effect (Figure 25) (180). 

 

 

 

 

 

 

 

 

 

Figure 25. PWL measurements. (A) PWL value at different time points. (B) PWL at 0 min in 

each group. Dots represent the number of animals. Data shown as the mean ± SEM. One-way 

ANOVA by Tukey test was used. * marks significant different. ** p<0.03.  
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5. Discussion 

5.1 The modulatory effect of P2X7Rs activation in the excitatory neurotransmission 

Whether P2X7Rs mediate neurotransmitter release remains a matter of long-standing debate. 

Previous studies have shown that activation of P2X7Rs by their potent agonist BzATP induces 

neurotransmitter release in the hippocampus (58, 63, 195) and in cortical synaptosomes (60, 

196), suggesting that P2X7Rs play a crucial role in neurotransmitter regulation. Importantly, 

Ca2+ influx through P2X7Rs is directly involved in neurotransmission via vesicular exocytosis 

and channel-mediated processes (e.g., release of ATP by P2X7R itself and by hemichannel 

connexin/pannexin). However, within the hippocampus, neurons in different subregions show 

an opposite effect in response to the P2X7Rs agonist BzATP. For example, whole-cell patch-

clamp experiments have shown that activation of P2X7Rs by BzATP increases excitatory 

neurotransmission in the hilar neurons but decreases in the CA3 neurons (59). There are two 

main issues regarding these inconsistent results. First, the breakdown products of BzATP have 

an inhibitory effect on neurotransmission. Notably, BzATP can be catabolized by E-NTPDase 

and E-5’NTase to ADP, AMP, and ultimately adenosine (197). Subsequent activation of 

adenosine A1Rs by adenosine inhibits the release of neurotransmitters, mainly glutamate (198, 

199) and GABA (200). To prevent the breakdown of BzATP, we perfused acute brain slices 

with the NTPDase inhibitor ARL-67156, which has minimal effects on synaptic transmission 

(201). In control experiments, we also validated that ARL-67156 alone did not affect synaptic 

transmission. In the presence of ARL-67156, we found that BzATP application increased the 

excitatory neurotransmission in the frequency, but not in the amplitude, and the increase was 

blocked by the P2X7Rs selective antagonist, JNJ-47965567. Second, different subregions of 

the hippocampus may respond differently to BzATP. To test this region/input-specific effect, 

we targeted the EC-GC and MC-GC pathways in the DG region. Surprisingly, we found that 

only the EC-GC pathway was mediated by P2X7Rs.  However, further investigations of other 

brain regions are needed to clarify whether EC-GC is the only pathway influenced by P2X7Rs 

manipulation. Recently, a study reported that astrocytic P2X7Rs, but not neuronal P2X7Rs, 

regulate neurotransmission in the CA1 and CA3 region of the hippocampus, because the 

BzATP-induced increase in the frequency of sEPSCs can be significantly inhibited by the glial 

metabolism inhibitor fluorocitrate (64). Although we did not examine this possibility, we 

provide direct support for neuronal P2X7Rs expression; that is the presence of P2X7Rs-

immunoreactive puncta on WT EC-GC boutons, but not on P2X7Rs-deficient boutons.  
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It is well-known that MC-GC does not express mGluR2/3, allowing us to differentiate between 

EC-GC and MC-GC pathways by mGluR2/3 agonist DCG-IV pharmacologically (100, 202-

205). However, type 1 cannabinoid receptor (CB1) agonist, such as WIN 55,212-2, is needed 

to specifically identify the MC-GC pathway, as hilar mossy cells express CB1 receptor (206, 

207). The EC-GC pathway, known as the perforant path, can be divided into the medial 

perforant path and the lateral perforant path depending on whether the fibres innervate the 

middle molecular layer or project to the outer molecular layer, respectively. Two pathways can 

be distinguished pharmacologically and electrophysiologically. In present work, we have 

mainly used paired-pulse protocols, in which two consecutive stimuli were delivered with an 

inter-stimulus interval (ISI) of 50 ms. This conventional protocol is thought to induce paired 

pulse depression (PPD) of the MPP and paired pulse facilitation of the LPP (84, 205, 208-210). 

However, a later study showed that both pathways induce PPF of field excitatory postsynaptic 

potentials (fEPSPs) at 50 ms ISI protocol (85). In our system, we found that the PPR values of 

both LPP and MPP showed PPF, although the PPR values of MPP were slightly lower than 

those of LPP. To note, this protocol was recorded in the presence of ACSF containing 2 mM 

Ca2+. In fact, the physiological concentration of Ca2+ varies from state to state, ranging from 

1.3 mM to 1.8 mM (211-213). Therefore, the reason we did not observe the expected results is 

that our recording conditions were different. However, the Ca2+ imaging results combined with 

the immunostaining results of hSynapsin1-axon-GCaMP6s specifically infected with the LPP 

and the MPP underlined a direct involvement of P2X7Rs in both MPP and LPP.  

 

5.2 The role of P2X4R neurotransmission  

P2X7Rs have a low affinity for ATP, so we had to use high concentrations of BzATP to activate 

the receptor. Thus, this may activate other members of the P2XRs family (214) as well as the 

metabotropic P2Y2Rs (39, 215, 216). Among different P2 receptors, we focused on the P2X4 

receptor for two reasons. Firstly, P2X7R can form a heterodimer with P2X4R (174, 217) and 

their expression can be mutually regulated (218). Secondly, P2X4 receptors also regulate 

synaptic transmission and plasticity in the hippocampus, suggesting that it may have 

implications for our experimental observations (187-189). In accordance with our assumption, 

we found that P2X4Rs expression was upregulated in P2X7Rs-deficient mice. Moreover, direct 

evidence for the involvement of P2X4Rs is obtained by inhibition of the BzATP-induced effect 

in P2X7Rs-deficient mice using the P2X4R selective antagonist 5-BDBD. Thus, the 

compensatory expression of P2X4Rs in the absence of P2X7Rs may contribute to the BzATP-
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induced effect. While both P2X4Rs and P2X7Rs have similar sensitivity to BzATP P2X 

receptors, but ATP is relatively more potent for P2X4Rs than for P2X7Rs. Therefore, further 

experimental work with ATP application would be needed to address the exact role of P2X4R 

in the absence of P2X7R. Additionally, we did not investigate other BzATP-sensitive P2 

receptors in the present project, therefore, we cannot completely rule out their involvement in 

regulation of excitatory transmission onto DG GCs.  

 

5.3 Ca2+ influx via P2X7 receptor acts as a key role in the modulation of neurotransmitter release 

Unlike other P2XRs, extracellular Ca2+ acts as a negative allosteric modulator of P2X7R by 

decreasing the affinity of the receptor for orthosteric ligand agonists (173, 219). Consequently, 

low Ca2+ (0.5 or 0.1 mM)/0 Mg2+ ACSF is routinely used to study the electrophysiological 

effects of P2X7Rs in acute brain slices from rodents (64, 192, 220, 221). In fact, this particular 

composition of ACSF might impair the release of neurotransmitters from presynaptic terminals 

due to the non-physiological Ca2+ concentration. Depending on arousal/sleep or other situations 

(211-213),  physiological Ca2+ concentrations vary from 1.3 mM to 1.8 mM (normally below 

1.8 mM) in the extracellular space. In the present project, we first used normal ACSF consisting 

of 1.3 mM Ca2+ /2 mM Mg2+. Under this condition, we were still able to detect BzATP-induced 

effects. However, when we increased the Ca2+ concentration from 1.3 mM to 2.6 mM, the 

BzATP-induced effect was abolished completely. Conversely, the BzATP-induced effect 

occurred when we decreased the Ca2+ concentration to 0.5 mM and 0 Mg2+, although the effect 

in the presence of ACSF containing low Ca2+ (0.5 mM)/0 Mg2+ was not significantly different 

from that of 1.3 mM Ca2+/2 mM Mg2+. Therefore, we speculate that the Ca2+ concentration-

dependent blockade of P2X7Rs occurs largely in a high extracellular Ca2+ environment.   

 

P2X7R is a Ca2+-permeable channel whose activation leads directly to Ca2+ influx and 

subsequently enhances neurotransmitter release. The C-terminus of P2X7R is the structural 

domain mainly responsible for cytoplasmic regulation of Ca2+, leading to the phosphorylation 

of CaMKII (222). A previous study reported that P2X7Rs-mediated Ca2+ influx affects the 

function of L-type voltage-gated Ca2+ channels in motor synapses, suggesting a possible 

interaction between P2X7Rs and VGCCs. Moreover, the α1С-subunit of neuronal L-type 

VGCCs interacts with CaMKII, further increasing the opening probability of L-type Ca2+ 

channels. Thus, Ca2+/CaMKII may play an important role in the interaction of P2X7Rs and 

VGCCs (190).  In the hippocampal slices, we did not find the similar interaction between 



71 
 

P2X7Rs and P/Q and N-type VGCCs. Therefore, further studies are needed to investigate 

whether this interaction functions a channel-specific or synapse-specific manner. 

 

5.4 The potential role of P2X7Rs in postsynaptic sites 

An earlier report by Sebastian Serrano et al. showed that the number of spines in hippocampal 

DG neurons were significantly reduced at P9 in P2X7R-deficient mice (56). Inconsistent with 

these data, we did not find a significant difference in the number of spines between WT mice 

and P2X7R-deficient mice. To support this conclusion, we first labelled the neurons with 

biocytin and examined the morphology of the neurons by Sholl analysis. P2X7R-deficient mice 

did not show difference in the number of crossings, average length, cell body area, or number 

of endings in comparison to WT mice (183). We then divided the dendritic branches into three 

sections that correlated with the distance of the dendrites from the soma and did not find 

differences at different distances. However, we cannot exclude the possibility of quantitative 

changes in certain spine subtypes, as we did not distinguish between spine subtypes in this 

work. 

 

Moreover, it is likely that age may contribute to this discrepant result. The animals we used are 

young juveniles rather than 9-day pups. It is also worth noting that genetic P2X7Rs deletion 

may alter the number of dendritic spines in certain regions. Our recent paper found that P2X7R-

deficient mice showed morphological defects only in the pyramidal cells of CA1, but not in 

those of CA3 compared to WT mice (55). Thus, we suspect that the regulation of P2X7R on 

dendritic spines varies by brain regions. Our electrophysiological recordings of CA1 pyramidal 

cells and dentate gyrus granule cells also showed this region-specific modulation. In CA1 

pyramidal cells, the absence of P2X7Rs did not alter the AMPA/NMDA ratio but decreased the 

amplitude of AMPA and NMDA receptor-mediated currents, which is consistent with the 

number reduction of dendritic spines. In contrast, we did not observe the same phenomenon in 

dentate gyrus granule cells.  

 

Pathological conditions may also alter the role of P2X7Rs in DG GCs. In WT mice, we puffed 

NMDA directly into granule cells and recorded the amplitude of NMDA receptor-induced 

currents. When P2X7Rs were acutely blocked or activated using the antagonists JNJ-4795567 

or BzATP, we did not find changes in current amplitude, suggesting that there is no direct 

interaction between two receptors on somata. Notably, this modulation was initiated when 
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animals were injected with PCP postnatally. In contrast to saline-treated animals, injection of 

PCP increased the AMPA/NMDA ratio by inhibiting the NMDA receptor component. Genetic 

deletion of P2X7Rs, however, rescued this inhibitory effect, as we could not observe changes 

in AMPA/NMDA ratio in P2X7Rs-deficient mice. Thus, the involvement of P2X7Rs in the 

regulation of postsynaptic mechanisms also depends on physiopathological conditions. 

 

5.5 The involvement of P2X7R in pathological conditions: a model of schizophrenia and a 

model of inflammatory pain 

While schizophrenia is known to be a human disease, translating this disease to rodents is 

challenging. Firstly, the etiology of schizophrenia is a combination of physiological, genetic, 

psychological, and environmental factors. Therefore, it is difficult to replicate a perfect model 

that meets all the requirements. Secondly, patients typically have impairments in higher brain 

functions, including hallucinations, delusions, and language disorders, which are difficult to 

measure in rodent models. Nonetheless, rodent models are still used in the laboratory to better 

understand etiology, pathology, diagnosis, and treatment. NMDA receptor hypofunction has 

been widely used in different animal models to support the glutamatergic hypothesis of 

schizophrenia (127). 

 

As a noncompetitive NMDA receptor blocker, PCP has been widely used as acute, subacute, 

and chronic animal models of schizophrenia (223-225) and to recapitulate schizophrenia-like 

symptoms, including positive (13-15, 226), negative symptoms (227), and cognitive symptoms 

(15, 226). In the present study, we also selected to us the chronic PCP model with an emphasis 

on the neurodevelopmental aspect to understand whether early NMDA receptor hypofunction 

affects the onset of schizophrenia in adolescents and adults. We subcutaneously injected male 

pups with PCP at P7, P9, and P11 and observed behavioural changes in juveniles (P25-26) and 

young adults (P60 onwards). Consistent with previous acute, chronic, and neurodevelopmental 

models (13-15), our postnatal PCP injections also resulted in hyperlocomotion in juveniles and 

young adults. Thus, postnatal PCP injection reproduced a positive symptom (hyperactivity) 

after weaning and the symptom persisted into adulthood.  

 

In addition, we observed that postnatal injection of PCP also disturbed working memory, 

although this symptom occurred only in early childhood and disappear in adulthood. A recent 

study using a similar model showed that postnatal injection of PCP impaired spatial memory in 
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the water maze in adulthood (15). This difference may be linked to the injection model and 

behavioural paradigm. In the reported animal model, PCP was injected at a dose of 10 mg/kg 

at P7, P9, P11, P13, and P15. Intensive repeated exposure to PCP in infancy may lead to more 

severe consequences in adulthood compared to our less invasive procedure (P7, P9, P11). We 

utilized the T-maze to detect spontaneous changes compared to the water maze which focuses 

primarily on spatial memory and includes a learning/training component. We also tested 

negative symptoms (social withdrawal) and sensory-gated function (prepulse inhibition) in 

adult mice. Although we were unable to produce social interaction deficits in this model, we 

found that postnatal injection of PCP severely impaired prepulse inhibition (PPI), which is a 

hallmark of behavioural deficits in human SCZ (175-179). These data are consistent with 

previous reports in rodents (228-231). Thus, by using a model of postnatal injection of PCP, we 

were able to simulate positive symptoms (hyperlocomotion), cognitive symptoms (working 

memory, but not novel object recognition), and sensory-gating symptoms (prepulse inhibition). 

Besides, we found that schizophrenic episodes occurred during weaning and this symptom 

persisted into adulthood. 

 

Remarkably, we found that P2X7R deficiency suppressed hyper motor activity, alleviated 

memory deficits, and attenuated prepulse inhibition impairment. These observations are 

consistent with previous studies in other models (13, 14, 232). A two-stage genome-wide 

association study of subjects with schizophrenia found that genetic polymorphisms in P2RX7 

are associated with this psychiatric disorder (12), suggesting that P2X7Rs contribute to the 

pathogenesis of schizophrenia from a human genetic perspective. In rodent models, 

pharmacological blockade and genetic deletion of P2X7Rs attenuates PCP-induced symptoms, 

including hyperactivity, PPI impairment, and spatial memory deficits, in both acute and 

subchronic models (13-15).  

 

Several previous studies have been devoted to exploring the role of P2X7Rs in PCP-induced 

schizophrenia-like behavioural changes. First, P2X7Rs regulate the neuronal excitability. In the 

medial prefrontal cortex, the number of c-fos-positive pyramidal neurons was reduced in PCP-

treated P2X7R-deficient animals compared with WT animals (14). To further investigate the 

excitability of these pyramidal neurons, this study showed that P2X7R-deficient animals 

generated fewer action potentials when injected with the same current (14). However, the effect 

of P2X7R on neuronal excitability may vary in different brain regions and neuron types.  In the 

present project, WT mice and P2X7Rs-deficient mice showed no change in excitability of the 
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DG GC at the same age, although there were age-related changes in the amplitude of action 

potentials. Secondly, P2X7Rs interact with NMDA receptors in pathophysiological states 

(183). By examining NMDA receptor-induced changes in prefrontal cortex (PFC) pyramidal 

neuron currents in the presence of genetic deletion and pharmacological blockade of P2X7Rs, 

an interaction between P2X7Rs and NMDA receptors in pyramidal neurons was proposed (13).  

However, we did not detect any interaction on DG GCs, suggesting that the interaction between 

P2X7Rs and NMDA receptors varies by cell type and brain region. Notably, pathophysiological 

conditions could also affect this interaction, as the higher AMPA/NMDA ratio induced by 

postnatal injection of PCP was suppressed by inhibiting the NMDA receptor component in 

P2X7Rs-deficient mice. However, the exact mechanism of the interaction between P2X7Rs and 

NMDARs requires further investigation. 

 

In contrast to NMDA receptor hypofunction model of schizophrenia, injection of CFA in the 

hind paw induces inflammation, which has been widely used to study pain and analgesia. 

Although there are compelling data suggesting that P2X7Rs are involved in studies of different 

pain models, including neuropathic pain and pain induced by cervical incision  (233, 234), there 

are relatively few studies of CFA-induced pain (235). Consistent with the previous study (235), 

we also found that blockade of P2X7Rs acutely alleviated CFA injection-induced thermal 

hypersensitivity, although we used A-438079 rather than A-839977. In addition, we found that 

blockade of the P2X3Rs with the selective antagonist, A-317491, also relieved thermal 

nociception. Notably, co-injection of P2X7Rs and P2X3Rs antagonists effectively suppressed 

thermal sensitization, suggesting that both P2X7Rs and P2X3Rs play a key role in CFA-induced 

pain. The potential underlying mechanism might be that CFA-induced a substantial increase in 

ATP release, which further activated ATP-sensitive P2 receptors, particularly P2X7Rs and 

P2X3Rs (180). In conclusion, pharmacological interference with the signalling pathways of 

P2X3 and P2X7 receptors may be beneficial to abolish thermal or ATP-induced pain both under 

acute and sub-chronic inflammatory conditions.  
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6. Conclusions 

The data presented in this thesis highlights the important role of presynaptic P2X7Rs in 

excitatory neurotransmission and pathological states, particularly in postnatal PCP-induced 

schizophrenia-like symptoms. 

 

By integrating different approaches, we found that AMPA and NMDA receptor-mediated 

neurotransmission onto DG GCs is subject to regulation by P2X7Rs at presynaptic sites, 

whereas P2X7R-mediated modulation is input specific. The potential regulatory mechanism 

involves the expression of P2X7 receptors on axon terminals and the modulation of influx of 

Ca2+ due to the direct activation of P2X7R by BzATP. Meanwhile, we also found that P2X7Rs 

could affect postsynaptic sites by changing the dendritic morphology and receptors property 

depending on cell types and pathophysiological conditions.  

 

In postnatal PCP injection-induced mice model of SCZ, we found that genetic ablation of 

P2X7Rs restored phencyclidine-induced EC-GC synapse alterations and alleviated 

phencyclidine-induced symptoms in juvenile and adulthood.  In CFA-induced inflammatory 

model of pain, we found that local blockade of P2X7Rs also significantly alleviated CFA-

induced pain sensation. 

 

These findings pave the way for a better understanding of P2X7Rs in pathophysiology. The 

input-specific expression of neuronal P2X7Rs in the dentate gyrus may indicate some specific 

functions of P2X7Rs in this region, providing a perspective for future studies. In addition, the 

modulatory effects of P2X7Rs on pathological conditions, such as schizophrenia-like disorders 

and inflammatory pain, provide potential therapeutic relevance where blockade of P2X7Rs may 

be beneficial in the treatment of certain types of disorders. 
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7. Summary 

ATP-gated P2X7Rs play a crucial role in brain disorders, mainly by regulating glial cell 

activity. However, their neuronal mechanisms remain controversial and unclear. Therefore, we 

investigated the involvement of P2X7Rs in excitatory neurotransmission in dentate gyrus 

granule cells (DG-GCs) of the hippocampus and in a postnatal phencyclidine (PCP)-induced 

schizophrenia mouse model. 

 

To address these questions, we first recorded AMPA and NMDA-receptor-mediated 

spontaneous excitatory postsynaptic currents (sEPSCs) and miniature excitatory postsynaptic 

currents (mEPSCs) in both WT and P2X7R-deficient mice utilizing the in vitro whole-cell 

patch-clamp technique. We found that genetic ablation of P2X7Rs decreased the frequency, but 

not the amplitude, of AMPA and NMDA receptor-mediated EPSCs. The direct involvement of 

P2X7Rs was confirmed by a pharmacological approach. Paired pulse ratio (PPR) analysis 

further indicated that the entorhinal cortex (EC)-GC pathway (perforant path), but not the mossy 

cell (MC)-GC pathway, was associated with DG neurotransmitter regulation mediated by 

P2X7Rs. To further understand the intracellular mechanism of the EC GC pathway, we injected 

pAAV1-hSynapsin1-axon-GaMP6s into EC and measured the Ca2+ influx of the EC GC 

pathway with a multiphoton microscopy. Ca2+ imaging showed that activation of P2X7Rs 

directly increased the Ca2+ influx into EC-GC boutons. To validate the role of P2X7R in 

pathological states, we established a neurodevelopment model of schizophrenia by postnatal 

PCP injection and tested the behaviour changes in juveniles and young adults. We observed 

that P2X7Rs deletion restored the AMPA/NMDA ratio at EC-GC synapses and attenuated PCP-

induced schizophrenia-like behaviours. We also established a rat model of CFA-induced 

inflammatory pain and found that pharmacological inhibition of P2X7Rs significantly relieved 

CFA-induced acute thermal pain sensation. 

 

Taken together, P2X7Rs are involved in the modulation of excitatory neurotransmission onto 

the DG GC through the EC-GC pathway by directly increasing the Ca2+ influx. In addition, 

P2X7Rs may be potential therapeutic targets for the treatment of schizophrenia and pain.                                                                                             
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8. Összefoglalás 

Az ATP-érzékeny P2X7 receptorok (P2X7R) fontos szerepet játszanak az agyi 

rendellenességekben, főként a gliasejtek aktivitásának szabályozásán keresztül. Neuronális 

működésekben betöltött szerepük azonban továbbra is ellentmondásos és tisztázatlan. 

Kísérleteinkkel a P2X7R-ek részvételét vizsgáltuk a gyrus dentatus szemcsesejtekben (DG-GC-

k) a serkentőp neurotranszmisszióban, illetve a posztnatális fenciklidin (PCP) által kiváltott 

szkizofrénia egérmodellben. 

 

E kérdések megválaszolása érdekében először AMPA és NMDA-receptorok által közvetített 

spontán serkentő posztszinaptikus áramokat (sEPSC-k) és miniatűr serkentő posztszinaptikus 

áramokat (mEPSC-k) regisztráltunk vad típusú (WT) és P2X7R-hiányos egerekben in vitro 

teljes sejtes patch-clamp technikát alkalmazva. Megfigyeltük, hogy a P2X7R-ek genetikai 

hiánya csökkentette az AMPA és NMDA receptorok által közvetített EPSC-k frekvenciáját, de 

nem az amplitúdóját. A P2X7R-ek közvetlen részvételét farmakológiai megközelítéssel 

igazoltuk. A páros impulzusarány (PPR) elemzés továbbá azt mutatta, hogy az entorhinális 

kéreg (EC)-GC útvonal, de nem a mohasejt (MC)-GC útvonal, áll kapcsolatban a P2X7R-ek 

által közvetített DG neurotranszmitter felszabadulás szabályozással. Az EC GC útvonal 

intracelluláris mechanizmusának további megértése érdekében pAAV1-hSynapsin1-axon-

GaMP6s vírust injektáltunk az EC-be, és multifoton mikroszkópiával vizsgáltuk az EC GC 

útvonal kalcium beáramlását. Eredményeink igazolták, hogy a P2X7R-ek aktiválása 

közvetlenül növelte a kalcium beáramlását az EC-GC boutonokba. A P2X7R kóros 

állapotokban betöltött szerepét vizsgálva a szkizofrénia idegrendszeri fejlődési modelljét 

hoztuk létre posztnatális PCP injekcióval, és a viselkedésváltozásokat fiatalkorú és fiatal felnőtt 

állatok esetében vizsgáltuk. Megfigyeltük, hogy a P2X7Rs deléciója helyreállította az 

AMPA/NMDA arányt az EC-GC szinapszisokban és mérsékelte a PCP által kiváltott 

szkizofrénia-szerű viselkedésformákat. Vizsgáltuk továbbá a CFA-indukált gyulladásos 

fájdalom rágcsáló modelljét, és megállapítottuk, hogy a P2X7R-ek farmakológiai gátlása 

jelentősen enyhítette a CFA kezelés-indukált akut termikus hiperszenzitivitást. 

 

Összességében megállapítottuk, hogy a P2X7R-ek részt vesznek a GC excitatórikus 

neurotranszmisszió modulációjában a DG-ben az EC-GC útvonalon keresztül, közvetlenül a 

kalciumionok beáramlásának fokozásával. Ezenkívül a P2X7R-ek potenciális terápiás 

célpontok lehetnek a skizofrénia és a fájdalom kezelésében. 
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