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Abstract  

 

Extracellular/intracellular zinc ions are implicated in processes underlying 

seizures/epileptogenesis. The G-protein coupled receptor 39 (GPR39) was suggested as a target 

for extracellular zinc. Activation of GPR39 was proposed as a novel strategy for treating 

seizures but there was a paucity of data on the relationship between the function of this receptor 

and epileptogenesis. Furthermore, TC-G 1008, GPR39 agonist, has been increasingly used to 

study the function of GPR39 but it has not been validated in the GPR39 knockout setting. We 

found that the concentration of TC-G 1008 attained in the brain tissue following its i.p. 

administration in mice was sufficient to occupy GPR39. TC-G 1008 decreased the seizure 

threshold in the maximal electroshock seizure threshold test, but it increased the seizure 

threshold in the 6-Hz induced seizure threshold test. The compound increased the mean duration 

of EEG discharges in response to pentylenetetrazole (PTZ) in zebrafish larvae and facilitated 

the development of epileptogenesis in a chronic, PTZ-induced kindling model of epilepsy in 

mice. Using GPR39 knockout mouse line, generated by the CRISPR-Cas-9 method, we 

demonstrated that GPR39 is target for TC-G 1008 regarding PTZ-induced epileptogenesis. 

However, a concomitant analysis of the downstream effects on cyclic-AMP-response element 

binding protein in GPR39 knockout mice suggested that TC-G 1008 also acts via other targets. 

Conclusion and implications: Our data argue against GPR39 activation being a viable 

therapeutic strategy for treating epilepsy. They also suggest that investigations need to consider 

whether TC-G 1008 is indeed a selective agonist of the GPR39 receptor.  

 

 

Keywords: GPR39, TC-G 1008, seizure, epilepsy, zinc, CREB   
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Introduction 

Most of zinc ions are bound to proteins but the small pool of “free” or “labile” zinc is 

available for signaling, which occurs both intracellularly and extracellularly (Maret 2017). 

Although studies did not provide direct intracellular/extracellular concentrations of zinc ions 

associated with seizures (Doboszewska et al. 2019), a link between increased intracellular 

“free” zinc concentration ([Zn2+]I) and status epilepticus (SE), which is a risk factor for epilepsy 

(Fountain 2000), was demonstrated (van Loo et al. 2015). Furthermore, an association between 

[Zn2+]I and metal regulatory transcription factor 1 (MTF1), a candidate [Zn2+]I sensor 

(Carpenter and Palmer 2017), was depicted in an animal model of SE and in human hippocampi 

surgically resected from patients with pharmacoresistant form of the disease. The 

neuromodulatory function of extracellular zinc on numerous targets that mediate neuronal 

excitation or inhibition was shown to be of importance in terms of seizures/epilepsy 

(Doboszewska et al. 2019). Moreover, extracellular zinc was suggested to activate a G-protein-

coupled receptor (GPCR), namely GPR39 (Holst et al. 2007; Yasuda et al. 2007). The existence 

of a GPCR activated by zinc ions was postulated before (Hershfinkel et al. 2001) although there 

is still debate whether the physiological/ pathophysiological concentrations of zinc are 

sufficient to activate the receptor (Maret 2001) and whether it is a real agonist or a 

neuromodulator.  

Despite the controversies surrounding the endogenous ligand, as a receptor belonging 

to “druggable” GPCRs (Hauser et al. 2017), the GPR39 receptor is gaining increasing attention 

as a target for future drugs in different therapeutic areas (Iovino et al. 2022; Methner et al. 

2021), including the central nervous system (Davis et al. 2021; Sah et al. 2021; Xie et al. 2021). 

Data indicated the association between the function of GPR39 receptor and seizures. GPR39 

knockout (KO) mice displayed enhanced susceptibility to seizures triggered by a single 

intraperitoneal (i.p.) injection of kainic acid (KA), compared with wild-type (WT) littermates 
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(Gilad et al. 2015). Lithium chloride-pilocarpine-induced-SE decreased the expression of 

GPR39 at the protein level in the hippocampus (Chen et al. 2019). RNA sequencing revealed 

up-regulation of the gpr39 gene in stim2b knockout zebrafish, which is hyperactive and more 

sensitive to treatment with pentylenetetrazole (PTZ) (Wasilewska et al. 2020). The role of 

GPR39 gene in the process of epilepsy development, i.e., epileptogenesis (Galanopoulou et al. 

2012) has not been examined.  

In contrast to a seizure, which is a transient occurrence of signs and/or symptoms due 

to abnormal, excessive, or synchronous neuronal activity in the brain, and can be induced 

temporarily, epilepsy is a brain disease characterized by an enduring predisposition to generate 

seizures (Fisher et al. 2014; Goldberg and Coulter 2013). Thus, exploration of the basis of 

epileptogenesis is of utmost importance because. Furthermore, as epilepsy is a heterogeneous 

group of neurological diseases with different etiologies and no single model reflects key 

features of epilepsy(epilepsies), the use of multiple models of seizures/ epileptogenesis is 

necessary to study their pathophysiology/ pharmacology (Loscher 2021). 

We hypothesized that activation of the GPR39 receptor may reduce seizures and/or 

produce an antiepileptogenic effect. We utilized a small molecule agonist at the GPR39 

receptor, TC-G 1008 and the nonspecific agonist, zinc chloride (ZnCl2). TC-G 1008 (compound 

3 (Peukert et al. 2014), GPR39-C3 (Sato et al. 2016)) is a positive allosteric modulator which 

activated cAMP production (downstream of Gs), IP1 accumulation (downstream of Gq), SRF-

RE-dependent transcription (downstream of G12/13), and β-arrestin recruitment (Peukert et al. 

2014). Similarly, zinc stimulated signaling at GPR39 via Gs, Gq, G12/13 and β-arrestin pathways 

(Holst et al. 2007). Importanly, since its discovery TC-G 1008 has been broadly used in 

investigations and its effects were translated to the effects of GPR39 receptor activation, but 

the compound has not been validated in the GPR39 KO setting (Laitakari et al. 2021). 
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We first compared the effects induced by GPR39 agonists (TC-G 1008, ZnCl2) to that 

of a standard antiseizure drug, valproic acid (VPA) in a variety of acute seizure tests or a chronic 

model reflecting epileptogenesis. Our aim was to assess their behavioral or 

electroencephalographic (EEG) effects. We also generated GPR39 KO mice to assess their 

response to seizure-inducing/ epileptogenic agents and the treatment with TC-G 1008, thus 

gaining more insights into the phenotype of GPR39 KO mice and the role of the GPR39 gene. 

This experiment allowed us to determine whether the GPR39 receptor is a target for TC-G 1008 

in the selected animal model. Then, we examined whether the effects of TC-G 1008 or GPR39 

KO are accompanied by alterations in different pools of zinc (including total zinc and [Zn2+]I) 

in serum and hippocampus, a region of the brain important in terms of epileptogenesis (Thom 

2014). Finally, we investigated the expression of proteins of the GPR39 signaling pathway in 

the hippocampi of mice subjected to the above-mentioned models of seizures or epilepsy. The 

latter analysis performed in hippocampal samples obtained from GPR39 KO mice showed that 

TC-G 1008 may act non-selectively.  
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Methods 

Materials 

TC-G 1008 was purchased from Adooq Bioscience LLC (Irvine, CA, USA). VPA 

(sodium salt), ZnCl2, PTZ and KA were obtained from Sigma-Aldrich. For experiments in mice, 

ZnCl2, VPA, PTZ and KA were dissolved in physiological saline (0.9% sodium chloride (NaCl) 

solution). TC-G 1008 was suspended in 1% Tween 80 solution in physiological saline. For 

experiments in zebrafish, ZnCl2 and TC-G 1008 were dissolved in embryo medium. PTZ was 

dissolved to 60 mM (3x stock) in embryo medium. The materials used for biochemical analyses 

are listed in the sections on Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS), 

Western blot, Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), Laser 

Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) or Zinpyr-1 (ZP-1) 

staining.  

 

Animals 

The experiments were performed in non-genetically modified mice, GPR39 KO mice 

and in zebrafish (Danio rerio) larvae. Housing and experimental procedures were conducted in 

accordance with the European Union Directive of 22 September 2010 (2010/63/EU), and Polish 

and Norwegian legislation acts concerning animal experimentation. The experiments in mice 

were approved by the Local Ethical Committee in Lublin (experiments in non-genetically 

modified mice: approval numbers 38/2017, 48/2018, 110/2018, 36/2019; experiments in 

GPR39 KO mice: approval numbers 72/2019, 16/2020), and the I Local Ethical Committee in 

Warsaw (approval number 811/2019 regarding generation of the GPR39 KO mouse line). The 

experiments in zebrafish were approved by the Norwegian Food Safety Authority 

experimental animal administration's supervisory and application system 

(“Forsøksdyrforvatningen tilsyns- og søknadssystem”; FOTS ID 15469 and 23935). All 
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efforts were made to minimize animal suffering as well as the number of animals used in the 

study. During the experiments, the animals were closely followed-up by the animal caretakers 

and researchers, with regular inspection by a veterinarian, according to the standard health and 

animal welfare procedures of the local animal facility.  

Experimentally naïve male Swiss Albino mice (n=966) with a body weight range of 17–

31 g, were purchased from a licensed breeder (Laboratory Animals Breeding, Ilkowice, Poland) 

and were housed in an animal house at the Faculty of Biology and Biotechnology of Maria 

Curie Sklodowska University in Lublin, in groups of 7-8 in open Makrolon cages (37 cm × 21 

cm × 14 cm) under strictly controlled laboratory conditions (temperature maintained at 21–24 

°C, relative humidity at 45–65%) with an artificial 12/12 h light/dark regime (light on at 6:00 

a.m.). A rodent chow diet (Murigran, Agropol S.J., Motycz, Poland) and tap water were 

provided ad libitium. The environment was enriched with nest material and paper tubes.  

GRP39 KO mouse model was generated by the Mouse Genome Engineering Facility 

(crisprmice.eu). A CRISPR/Cas 9 method was used to establish the model in mixed genetic 

background (C57BL/6/Tar x CBA/Tar). A deletion of 44 bp causing p.Lys38fs*57X frameshift 

mutation was introduced. WT and KO mice were housed in an animal house at the Experimental 

Medicine Center of the Medical University in Lublin. Male WT mice (n=35) and male KO mice 

(n=35) with a body weight range of 16-29 g were used for experiments. The mice were housed 

in groups of 7-8 in open Makrolon cages (37 cm × 21 cm × 14 cm) under strictly controlled 

laboratory conditions (temperature maintained at 21–24 °C, relative humidity at 45–65%) with 

an artificial 12/12 h light/dark regime (light on at 6:00 a.m.). The diet (Altromin standard diet, 

Altromin, Lage, Germany) and tap water were provided ad libitium. The environment was 

enriched with nest material and paper tubes. Only male Swiss Albino or C57BL/6/Tar x 

CBA/Tar mice were used to exclude the possible impact of the estrous cycle on seizure 

susceptibility (Socala and Wlaz 2021).  

http://crisprmice.eu/
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The following procedures were performed in Swiss Albino mice: determination of TC-

G 1008 concentration in serum and brain, maximal electroshock seizure (MES) threshold test 

(MEST), MES generated by supramaximal stimulus of 50 mA, 6-Hz-induced seizure threshold 

test, 6-Hz seizure generated by supramaximal current intensity of 32 mA, intravenous (i.v.) PTZ 

seizure threshold test, acute KA-induced seizures, PTZ kindling and biochemical analyses. The 

following procedures were performed in C57BL/6/Tar x CBA/Tar GPR39 KO and WT mice: 

the MEST test, PTZ kindling and biochemical analyses. Animals were randomly assigned to 

the experimental groups. Blinding was not feasible during behavioral experiments due to the 

rotations of experimenters who either administered compounds or observed their behavioral 

effects. Blinding was applied during biochemical analyses.  

All procedures in mice begun after at least one week of acclimatization and were 

performed between 8:00 a.m. to 3:00 p.m., after a minimum 30-min adaptation period to the 

conditions in the experimental room. Drug solutions/suspensions were prepared freshly and 

administered i.p. at a volume of 0.1 ml per 10 g of body weight. Control groups received 

vehicles (VEH) used for the preparation of drug solutions/suspensions. The drugs were 

administered 30 min before acute seizure tests or acute seizure models or before PTZ/KA 

injections. This pretreatment time was chosen after determination of TC-G 1008 concentrations 

in serum and brain (Fig 1). With the exception of 1% ophtalmic solution of tetracaine, which 

was used for a short-term topical ophthalmic anesthesia before determining the seizure 

thresholds or performing MES or 6-Hz seizure, no anesthetics or analgesics were used, to 

reduce the possibility of a pharmacodynamic or pharmacokinetic interaction between these 

agents and the examined compounds. Each animal was used only once in acute seizure test. 

Following acute seizure tests, the surviving mice were euthanized by >70% carbon dioxide 

(CO2) or by cervical dislocation by a person trained for this procedure. 
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Adult zebrafish (Danio rerio) stocks of AB strain (Zebrafish International Resource 

Center, Oregon, USA) were maintained at standard aquaculture conditions, i.e., 28.5˚C, on a 

14/10 h light/dark cycle in 8.0 L tanks [27 cm long, 21 cm wide and 17 cm high]. Fertilized 

eggs were collected via natural spawning. Embryos were reared under constant light conditions 

in embryo medium, i.e., Danieu’s buffer: 1.5 mM Hepes, pH 7.6, 17.4 mM NaCl, 0.21 mM 

KCI, 0.12 mM MgSO4 and 0.18 mM Ca(NO3)2. All embryos and larvae were kept in incubator, 

at 28.5˚C. The maximum tolerated concentration was evaluated in n=144 larvae of 4 days post-

fertilization (dpf). For EEG experiments, n=80 larvae of 6 dpf were used.  

 

Maximal electroshock seizures  

MES induced seizure is among the most widely used rodent models of acute seizure 

(Socala and Wlaz 2021). 1% ophtalmic solution of tetracaine was administered for a short-term 

topical ophthalmic aneasthesia. Then, constant current stimuli (sine-wave pulses at 50 Hz for 

200 ms) were applied via saline-soaked transcorneal electrodes with the usage of rodent shocker 

(type 221; Hugo Sachs Elektronik, Freiburg, Germany). During stimulation, mice were 

restrained manually and immediately following stimulation they were placed in a transparent 

box without bedding for behavioral observation on the presence or absence of seizure activity. 

Tonic hindlimb extension, defined as the rigid extension of the hindlimb that exceeds a 90° 

angle with the body, was considered as an endpoint.  

Two experimental approaches were used: (1) the MEST test that employed stimulation 

at varied current intensities (7.6–17.4 mA) and (2) MES that employed stimulation at a fixed 

current intensity (50 mA). The mice were injected with a single dose of TC-G 1008, ZnCl2, 

VPA or VEH (1% Tween 80 solution in physiological saline). 30 min later the MEST test was 

performed. The threshold current was established according to an ‘up-and-down’ method 

described by Kimball et al. (1957). Current intensity was lowered or raised by 0.06-log intervals 
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depending on whether the previously stimulated animal did or did not exert tonic hindlimb 

extension, respectively. The data obtained in groups of 20 animals were used to determine the 

threshold current causing endpoint in 50% of mice (CS50 with confidence limits for 95% 

probability). In the MEST test, the dose-response relationship was assessed. An initial dose of 

TC-G 1008 or ZnCl2 was selected and the dose was either increased or decreased in a 

subsequent group of mice, depending on whether the previous dose affected the seizure 

threshold. The dose of VPA has been established to increase seizure threshold in this test 

(Socala et al. 2018). Following MEST, the mice were euthanized by >70% carbon dioxide 

(CO2). 

 Groups of mice (n=10) were injected with a single dose of TC-G 1008, ZnCl2, VPA or 

VEH. 30 min later they were stimulated with supramaximal MES stimulus of 50 mA. The doses 

of drugs applied before MES were based on the results of the MEST test – either effective or 

ineffective doses of TC-G 1008 and ZnCl2 were administered. Control, non-stimulated (sham) 

animals received the respective doses of drugs or VEH but did not receive MES stimulus.  

 

Six hertz (6 Hz) seizures  

The 6-Hz seizure model is another model of acute seizures which is required while 

screening for antiseizure drugs (Khanam and Vohora 2021). 1% ophtalmic solution of 

tetracaine was used for a short-term topical ophthalmic anaesthesia. Then, square-wave 

alternating current stimuli (0.2-ms duration pulses at 6 Hz for 3 s) were applied via saline-

soaked transcorneal electrodes using a Grass model CCU1 constant current unit coupled to a 

Grass S48 stimulator (Grass Technologies, Warwick, RI, USA). Mice were manually restrained 

during stimulation. Immediately following the stimulation, mice were placed in a transparent 

box without bedding for behavioral observation. The 6-Hz seizures were characterized by stun 

(fixed) posture, rearing, forelimb clonus, twitching of the vibrissae, and elevated tail. Lack of 
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the features listed above or the resumption of normal exploratory behavior within 10 s after 

stimulation were considered as the absence of seizures.  

Two experimental approaches were used: (1) the 6-Hz seizure threshold test that 

employed stimulation at varied current intensities (10.0–20.0 mA) and (2) the 6-Hz seizure 

which was induced by supramaximal stimulation at a fixed current intensity (32 mA). The mice 

were injected with a single dose of TC-G 1008, ZnCl2, VPA or VEH (1% Tween 80 solution in 

physiological saline). 30 min later the 6-Hz seizure threshold test was performed. The current 

intensity values were established according to an ‘up-and-down’ method (Kimball et al. 1957). 

The animals were stimulated at current intensity that was lowered or raised by 0.06-log intervals 

depending on whether the previously stimulated animal did or did not respond with seizures, 

respectively. The data obtained in groups of 20 animals were used to determine the threshold 

current causing 6-Hz-induced seizures in 50% of mice (CS50 with confidence limits for 95% 

probability). In the 6-Hz threshold test, the dose-response relationship was assessed. An initial 

dose of TC-G 1008 or ZnCl2 was selected and the dose was either increased or decreased in a 

subsequent group of mice, depending on whether the previous dose affected the seizure 

threshold. The dose of VPA has been established to increase seizure threshold in this test 

(Socala et al. 2018). Following the 6-Hz seizure threshold test, the mice were euthanized by 

>70% carbon dioxide (CO2). 

 Groups of mice (n=8) were injected with a single dose of TC-G 1008, ZnCl2 or VPA, 

which was effective in the 6-Hz threshold test, or VEH. 30 min later the mice were stimulated 

with supramaximal current intensity of 32 mA. Control, non-stimulated (sham) animals 

received the respective doses of drugs or VEH but did not receive the supramaximal current 

intensity of 32 mA.  

 

 



13 

 

Kainic acid-induced seizures 

Groups of mice (n=8-12) were injected i.p. with a single dose of TC-G 1008, ZnCl2 or 

VEH (1% Tween 80 solution in physiological saline). 30 min later the mice were injected i.p. 

with a single dose of KA (40 mg/kg) (Lee et al. 2000). Immediately following KA injection, 

mice were placed individually into a transparent box without bedding for 2 h for behavioral 

observation. Seizure severity of each mice was scored according to the modified Racine’s scale: 

stage 0, no response; stage 1, immobility and staring; stage 2, scratching/myoclonic jerks; stage 

3, forelimb clonus; stage 4, rearing; stage 5, rearing and falling; stage 6, jumping, circling, 

rolling; stage 7, status epilepticus, death (Cole et al. 2000; Iqbal et al. 2018; Lee et al. 2000). 

The dose-response relationship was assessed. An initial dose of TC-G 1008 or ZnCl2 was 

selected and the dose was either increased or decreased in a subsequent group of mice, 

depending on whether the previous dose exerted a response. The surviving animals were 

immediately euthanized by >70% carbon dioxide (CO2). 

 

Intravenous pentylenetetrazole (PTZ) seizures  

PTZ induced seizure is among the most widely used rodent models of acute seizure 

(Socala and Wlaz 2021). Groups of mice (n=9-12) were injected i.p. with a single dose of TC-

G 1008, ZnCl2, VPA or VEH (1% Tween 80 solution in physiological saline). 30 min later the 

mice were placed in the cylindrical plastic restrainer (12-cm long, 3-cm inner diameter). The 

lateral tail vein was catheterized with a 2-cm long 27-gauge needle attached by polyethylene 

tubing PE20RW (Plastics One Inc., Roanoke, VA, USA) to a 5-ml plastic syringe containing 

1% aqueous solution of PTZ. The syringe was mounted on a syringe pump (model Physio 22, 

Hugo Sachs Elektronik–Harvard Apparatus GmbH, March-Hugstetten, Germany). The 

accuracy of needle placement in the vein was confirmed by appearance of blood in the tubing. 

The needle was secured to the tail by an adhesive tape. Following catheterization, mice were 
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released from the restrainer and placed in a Plexiglas arena for behavioral observation. The PTZ 

solution was infused at a constant rate of 0.2 ml/min. The time intervals from the 

commencement of PTZ infusion to the onset of each of three endpoints (the first myoclonic 

twitch, generalized clonus with loss of the righting reflex, and tonic forelimb extension) were 

recorded. The PTZ infusion was stopped at the beginning of tonic seizures, which were usually 

lethal for mice. All surviving animals were euthanized immediately by cervical dislocation. The 

seizure thresholds were calculated separately for each endpoint using the following formula: 

threshold dose of PTZ (mg/kg) = (infusion duration (s) × infusion rate (ml/s) × PTZ 

concentration (mg/ml))/body weight (kg) and were expressed as the dose of PTZ (in mg/kg) 

needed to produce the first apparent sign of each endpoint. The dose-response relationship was 

assessed. An initial dose of TC-G 1008 or ZnCl2 was selected and the dose was either increased 

or decreased in a subsequent group of mice, depending on whether the previous dose affected 

the seizure threshold. The dose of VPA has been established to increase seizure threshold in 

this test (Socala et al. 2018). Data obtained in the i.v. PTZ seizure threshold test are presented 

as the amount of PTZ (in mg/kg) ± SEM needed to produce the first apparent sign of each 

endpoint in each experimental group.  

 

PTZ kindling model 

PTZ-kindling model in mice has been established as a model for epileptogenesis 

(Potschka 2021). The mice were injected i.p. with VEH (1% Tween 80 solution in physiological 

saline), TC-G 1008, ZnCl2 or VPA  on every alternate day. 30 min later, they were injected i.p. 

with a subthreshold dose of PTZ. The subthreshold doses of PTZ, which induce kindling 

phenomenon, range from 25 to 45 mg/kg (Potschka 2021). In the case of kindling in Swiss 

Albino mice, the dose of PTZ was 40 mg/kg, as determined in our previous study (Socala et al. 

2019). In the case of kindling in C57BL/6/Tar x CBA/Tar mice, the dose of PTZ was 25 mg/kg, 
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as determined in our preliminary experiment. Immediately following PTZ injection, mice were 

placed individually into a transparent box without bedding for 30 min for behavioral 

observation. Seizure severity of each subject was scored using the modified Racine’s scale: 

stage 0, no response; stage 1, immobility, ear and facial twitching; stage 2, myoclonic jerks; 

stage 3, forelimb clonus, stage 4, clonic seizure with rearing and falling; stage 5, generalized 

clonic seizure with loss of righting reflex; stage 6, tonic fore- and hindlimb extension (Socala 

et al. 2019). The mean seizure severity scores were calculated for all experimental groups after 

each PTZ injection. Control, non-kindled animals received the respective doses of drugs but 

were injected with physiological saline (SAL) instead of PTZ solution. PTZ kindling models 

were terminated to reduce potential mortality when any of the groups displayed consecutive 

stage 5 or 6 seizures. The group of Swiss Albino mice receiving TC-G 1008 and the WT group 

of C57BL/6/Tar x CBA/Tar mice receiving TC-G 1008 displayed the highest seizure score 

during respective PTZ kindling models. 15 Swiss Albino mice per group or 15 WT and 15 

GPR39 KO mice were used in these models.  

 

Grip-strength test  

The effects of single doses of TC-G 1008, ZnCl2 or VPA or repeated doses of these 

compounds and PTZ kindling on skeletal muscular strength were evaluated in Swiss Albino 

mice or C57BL/6/Tar x CBA/Tar mice using the grip-strength test (Socala et al. 2020). The 

grip-strength apparatus (BioSeb, Chaville, France) consisted of a steel wire grid (8 × 8 cm) 

connected to an isometric force transducer. The animal was lifted by its tail so that it could 

grasp the grid with its forepaws. The mouse was then gently pulled backward until it released 

the grid and the maximal force in newtons (N) exerted by the mouse before losing grip was 

measured. The procedure was repeated three times and the mean force exerted by each mouse 
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before losing grip was recorded. The mean force was then normalized to body weight and 

expressed in mN/g ± SE. 

 

Chimney test 

The effects of single doses of TC-G 1008, ZnCl2 or VPA or repeated doses of these 

compounds and PTZ kindling on motor deficits were evaluated in Swiss Albino mice or 

C57BL/6/Tar x CBA/Tar mice using the chimney test (Socala et al. 2020). In this test, the 

inability of animals to climb back-ward up through a Plexiglas tube (3 cm, inner diameter × 30 

cm, length) within 60 s was an indicator of motor impairment. 

 

Toxicological assessment in zebrafish  

The maximum tolerated concentration was evaluated prior further experiments in 

zebrafish laravae. Groups (n=12) of 4 dpf zebrafish larvae were incubated with a range of TC-

G 1008 or ZnCl2 doses at 28.5˚C for 18 hours. 6 doses of each compound (TC-G 1008 or ZnCl2) 

were tested. The following parameters were scored after 2 and 18 h of exposure: touch response, 

posture, edema, morphology, signs of necrosis, swim bladder and heartbeat. The dose of 65 µM 

Zn and 70 µM TC-G 1008 were chosen for EEG experiments. 

 

EEG discharges assessment in zebrafish  

PTZ-induced acute seizure model in zebrafish larvae is well-validated in terms of 

predictive validity and allows one to assess EEGs (Afrikanova et al. 2013; Gawel et al. 2020). 

A single 6 dpf zebrafish larvae were placed in a 48-well plate (one larva per well) filled with 

200 µl of VEH (embryo medium, i.e., Danieu’s buffer: 1.5 mM Hepes, pH 7.6, 17.4 mM NaCl, 

0.21 mM KCI, 0.12 mM MgSO4 and 0.18 mM Ca(NO3)2), ZnCl2 or TC-G 1008 solution. 

Subsequently, larvae were incubated for 20 h at 28.5˚C. After incubation, larvae were exposed 
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to VEH or 20 mM PTZ for 5 min. Thereafter, larvae were immobilized in a thin layer of 2% 

low-melting-point agarose and the glass electrode (resistance 1-5 MΩ) filled with artificial 

cerebrospinal fluid (124 mM NaCl, 2 mM KCl, 2 mM MgSO4, 2 Mm CaCl2, 1.25 mM KH2PO4, 

26 mM NaHCO3, 10 mM glucose) was placed into the optic tectum (MultiClamp 700B 

amplifier, Digidata 1550 digitizer, Axon instruments, USA) (Afrikanova et al. 2013; Nieoczym 

et al. 2019). Single recordings for each larva were performed for a period of 20 minutes. The 

discharges were analyzed according to the duration of spiking paroxysms and only those were 

taken into account when the amplitude exceeded three times the background noise. The data 

were analyzed with the aid of Clampfit 10.2 software (Molecular Devices Corporation, USA) 

and custom-written programme for R (Windows). For EEG discharges assessment, n=5-17 

larvae per group were used.  

 

Tissue processing for biochemical analysis  

For LC-MS/MS analysis, the mice were killed by rapid decapitation at four time points 

(15, 30, 60 and 120 min) after i.p. injection of TC-G 1008. For Western blot, ZP-1 staining, 

ICP-OES analysis the mice were killed ca. 3 min after MES or 6-Hz seizure or 24 h after the 

completion of the kindling paradigm. For LA-ICP-MS analysis the mice were killed 24 h after 

the completion of the kindling paradigm. The brains were rapidly dissected and immersed in 

cooled (2-8°C) 0.9% NaCl solution. For LC-MS/MS analysis, the whole brains were frozen. 

For Western blot and ZP-1 staining, the brains were rapidly dissected on a cold plate into left 

and right hemispheres. Left hippocampi (dorsal and ventral) were dissected, immediately frozen 

on dry ice and stored at -80°C until Western blot analysis. The right hemispheres were frozen 

by liquid nitrogen and were stored at −80°C until cryo-sectioning. 12 µm hippocampal coronal 

sections were prepared from right hemispheres using cryostat microtome Leica CM 1850, 

Germany and were attached to glass slides (SuperFrost microscope slides, cut edges, Thermo 
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Scientific Menzel Glaser. The glass slides were stored at −80 °C until further analysis. The 

trunk blood was collected into tubes without anti-coagulant. The blood was allowed to clot for 

15-20 min and then centrifuged for 10 min at 5600 rpm at 4°C. The resulting supernatant 

(serum) was pipetted into tubes that were stored at -80°C until LC-MS/MS or ICP-OES 

analysis. The biochemical analyses were performed by experimenters blinded for the treatment. 

 

Determination of TC-G 1008 concentrations by LC-MS/MS 

The concentrations of TC-G 1008 were determined in serum and brain of Swiss Albino 

mice 15, 30, 60 and 120 min after compound administration (20 mg/kg, i.p.), using the LC-

MS/MS method. The brains were homogenized in distilled water (1:3, w/v) with a tissue 

homogenizer TH220 (Omni International, Inc., Warrenton, VA, USA). Purification of the 

samples was performed by protein precipitation procedure with 0.1% formic acid in acetonitrile 

containing pentoxifylline used as an internal standard (2000 ng/mL) added to the samples at the 

ratio of 1:2 (v/v). Then, the samples were shaken for 10 min (IKA Vibrax VXR, Germany) and 

after centrifugation (Minispin, Eppendorf, Germany) for 10 min at the 12 000 rpm the 

supernatant was transferred into autosampler vials. The HPLC system (Agilent 1100, Agilent 

Technologies, Waldbronn, Germany) consisted of a degasser, binary pump, column oven and 

an autosampler. Chromatographic separation was carried out on an XBridge™ C18 analytical 

column (3x50 mm, 5µm, Waters, Ireland) with the oven temperature set at 30oC. The 

autosampler temperature was maintained at 10oC and a sample volume of 15 μL was injected 

into the LC-MS/MS system. The mobile phase containing 0.1% formic acid in acetonitrile (A) 

and 0.1% formic acid in water (B) was set at a flow rate of 0.4 mL/min. Initial mobile phase 

composition was 95% B with a linear gradient to 30% B in the first 5 min, then isocratic mode 

for 5 min with the subsequent rapid change back to 95% B in 0.1 min. The remaining time of 

elution was set at 95% B. The whole HPLC operation lasted 13 min. Mass spectrometric 



19 

 

detection was performed on an Applied Biosystems MDS Sciex (Concord, Ontario, Canada) 

API 2000 triple quadrupole mass spectrometer equipped with an electrospray ionization (ESI) 

interface. ESI ionization in the positive ion mode was used for ion production. The tandem mass 

spectrometer was operated at unit resolution in the selected reaction monitoring mode (SRM), 

monitoring the transition of the protonated molecular ions m/z 419 to 305 and m/z 419 to 171 

for compound TC-G 1008 (the first pair was used as a quantifier and the second pair was 

employed for the identity verification as a qualifier) and m/z 279 to 181 for the internal standard. 

The mass spectrometric conditions were optimized for TC-G 1008 by continuous infusion of 

the standard solution at the rate of 10 μL/min using a Harvard infusion pump. The ion source 

temperature was maintained at 400oC. The ionspray voltage was set at 5500V. The curtain gas 

(CUR) was set at 20 psi and the collision gas (CAD) at 12 psi. The optimal collision energy 

(CE) was 45V. The following parameters of ion path were used as the most favorable ones: 

declustering potential (DP) at 31V, focusing potential (FP) at 340V and entrance potential (EP) 

at 6.5V. Data acquisition and processing were accomplished using the Applied Biosystems 

Analyst version 1.6 software. The calibration curves were constructed by plotting the ratio of 

the peak areas of TC-G 1008 to internal standard versus TC-G 1008 concentrations and 

generated by weighted (1/x) linear regression analysis. The validated quantitation ranges for 

this method were from 1 to 2000 ng/mL for serum and 3-1500 ng/g for brain tissue with 

accuracy from 89.88–110.13% and from 86.54–109.51% for serum and brain tissue, 

respectively. The assays were reproducible with low intra- and inter-day variation (coefficient 

of variation less than 15%). No significant matrix effect was observed and there were no 

stability related problems during the routine analysis of samples.  

 

 

Determination of total zinc concentration by ICP-OES 
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Serum samples of Swiss Albino mice or C57BL/6/Tar x CBA/Tar mice were defrosted. 

200 µL of serum was transferred to digestion vessels (DigiTUBE SCP SCIENCE 50mL class 

A) and mixed with 1.5 mL of 65% Suprapur® nitric acid (Merck) and 5.0 mL of deionized 

water. Then vessels were placed in heating blocks (DigiPREP SCP SCIENCE) and were 

digested for 60 minutes at 120℃. After digestion vessels with solution were left to reach RT 

and filled with deionized water to 10 mL. The analysis was performed using PlasmaQuant PQ 

9000 Analytik Jena AG. The following operating conditions of ICP-OES were used: power 

13000 W, plasma gas 14.0 L/min, auxiliary gas 0.50 L/min, nebulizer gas 0.60 L/min, 

monitoring direction of the plasma flame was axial. Standard solution for calibration curves of 

zinc at the concentration of 200 µg/L was prepared by diluting zinc 1000 mg/L standard 

(PlasmaCAL SCP SCIENCE) with 0.5% nitric acid in deionized water. Analysis line used for 

zinc quantification was 206.2 nm.  

 

Determination of total zinc concentration by LA-ICP-MS 

12 µm hippocampal coronal sections from C57BL/6/Tar x CBA/Tar mice were thawed 

and dried at RT in the desiccator and placed in the ablation chamber. The sections were analyzed 

using a laser ablation (LA) system (LSX-500, CETAC Technologies, Omaha, NE, USA) with 

a quadrupole inductively coupled plasma mass spectrometer (ICP-MS, Elan DRC II, 

PerkinElmer SCIEX, Toronto, ON, Canada). The instruments were optimized daily with the 

use of a certified reference material of NIST SRM 610 glass, which included the nebulizer gas 

flow, ion lens voltage, and power of the plasma generator, and were tuned until reaching the 

maximal intensity for 24Mg+, 115In+, 238U+, and the oxide ratios of 232Th16O+/232Th+ < 

0.2%, as well as doubly charged ions 42Ca2+/42Ca+ < 0.2%. The following isotopes were 

monitored in all measurements: 13C, 66Zn. The laser parameters were optimized to completely 

ablate the thin sections and to obtain measurable signals for the analyzed elements, which 
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required the optimization of the following laser parameters: laser energy, laser spot size, 

frequency of laser shots, and sample scan rate. The instrumental parameters of LA-ICP-MS 

were as follows: laser energy 2.7 mJ, spot size 100 µm, ablation frequency 2 Hz, scan rate 100 

µm/s, nebulizer gas flow 0.9 L/min, plasma power 1250 W, pulse counting mode, dwell time 

100 ms per isotope, measured isotopes 13C and 66Zn. The laser beam scanned a rectangular area 

of the sample line by line and always from left to right. The number and width of the ablation 

lines were set individually for each analyzed sample, with 18 lines on average. The detector 

recorded a time-resolved signal that was used to create a two-dimensional matrix of data points 

for each sample. For the statistical evaluation of the measurement data, the region of interest 

(ROI) containing the hippocampus was marked on maps of the distribution of elements in thin 

sections of brain. The ROIs were selected by drawing the shape in the imaging software tool 

based on the photograph of the sample taken prior to the ablation. The signals contained in the 

ROI were averaged and evaluated statistically.  

 

Determination of intracellular free zinc concentration by Zinpyr-1 staining 

12 µm hippocampal coronal sections from Swiss Albino mice or C57BL/6/Tar x 

CBA/Tar mice were incubated with 4% paraformaldehyde solution with 4% sucrose in 

phosphate-buffered saline (PBS) at RT for 15 min and were rinsed with 0.01 M PBS solution. 

The sections were then incubated with a solution of a cell-membrane permeable fluorescent 

probe for zinc, ZP-1 (Santa Cruz Biotechnology, sc-213182) at the concentration of 5 μM for 

1h at RT. The sections were double stained with 4',6-Diamidino-2-Phenylindole, 

Dihydrochloride (DAPI) (Sigma Aldrich, D9542) at the concentration of 300 nM. Adjacent 

sections from the same mouse brains were treated with membrane-permeable zinc chelator 

N,N,N’,N’-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) (Santa Cruz Biotechnology, sc-

200131), at the concentration of 10 μM, for 40 min, before staining with ZP-1 and DAPI 
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(Grabrucker et al. 2011). The sections were imaged using Leica DM6000 B microscope. The 

images of all compared sections were taken with the same exposure time. The images of 

sections incubated with TPEN before staining with ZP-1 were taken with the same exposure 

time as images of sections stained with ZP-1. The low-magnification, grayscale images were 

analyzed for the mean ZP-1 intensities using Image J. The following regions of the 

hippocampus were chosen for the analysis: dentate gyrus (DG), CA1 and CA3 regions.  

 

Western blot analysis 

Hippocampi of Swiss Albino mice or C57BL/6/Tar x CBA/Tar mice were homogenized 

in 2% sodium dodecyl-sulfate solution (SDS) (BioShop Canada Inc), denatured at 95°C for 10 

min and centrifuged at 10.000 RPM at 4°C for 5 min. The total protein concentration was 

quantified in the supernatant using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 

Pierce Biotechnology, Rockford, IL, USA). The samples containing 10 µg of protein were 

prepared using Novex® Tris-Glycine SDS Sample Buffer (Thermo Fisher Scientific, Carlsbad, 

CA, USA) and were resolved on a 4-15 % Mini-Protean TGX Precast gels (BIO-RAD 

Laboratories, Inc., USA). The molecular weight marker: Spectra Multicolor Broad Range 

Protein Ladder (Thermo Fisher Scientific Baltic, Vilnius, Lithuania) was used. The proteins 

were transferred on a nitrocellulose membrane (BIO-RAD Laboratories, Inc., USA). The 

membranes were blocked for 60 min with 1% blocking reagent from the BM 

Chemiluminescence WB kit (Mouse/Rabbit) (Roche Diagnostic, Mannheim, Germany). The 

membranes were then incubated with mouse monoclonal antibody targeting phosphorylated 

CREB at Ser 133 (anti-phospho-CREB (Ser133) antibody, clone 10E9, Millipore Cat# 05-667, 

RRID:AB_309889, at a concentration of 0.5 µg/ml) or rabbit monoclonal antibody targeting 

CREB (anti-CREB antibody, Abcam Cat#ab32515, RRID:AB_2292301, at a dilution of 

1:1000) or rabbit polyclonal antibody targeting BDNF (anti-BDNF antibody, Novus Cat# 

http://antibodyregistry.org/AB_2292301
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NB100-98682, RRID:AB_1290643, at a dilution of 1:1000), or rabbit polyclonal antibody 

targeting tyrosine-phosphorylated TrkB (anti-Trk B phosphorylated (pTyr 816) antibody, 

Novus Cat# NBP1-03499, RRID:AB_1522601, at a concentration of 10 µg/ml), or rabbit 

monoclonal antibody targeting TrkB (anti-TrkB antibody, Abcam Cat#ab187041, RRID: 

AB_2892613, at a dilution of 1:5000), rabbit polyclonal antibody targeting metal regulatory 

transcription factor 1 (MTF1) (Novus Cat# NBP1-86379, RRID:AB_11033871, at a 

concentration of 0.2 ug/ml) or β-actin (β-actin antibody, mouse monoclonal clone AC-15, 

purified from hybridoma cell culture, Sigma-Aldrich Cat# A1978, RRID:AB_476692, at a 

concentration of 0.5 µg/ml) at 2-8°C overnight. The dilutions of primary antibodies were 

prepared using 0.5% blocking solution from the BM Chemiluminescence WB kit 

(Mouse/Rabbit). They were stored at 2-8°C and were reused up to two times. On the next day, 

after washing with TBST 3 x 10 min, the membranes were incubated for 30 min with 

horseradish peroxidase-linked (HRP-linked) secondary antibody from the BM 

Chemiluminescence WB kit (Mouse/Rabbit), or the anti-mouse IgG, HRP-linked, Cell 

Signaling Cat# 7076, RRID:AB_330924, at the dilution of 1:1000 (in case of β-actin) under 

constant shaking at room temperature (RT). The dilutions of secondary antibodies were always 

prepared fresh. After incubation with secondary antibodies, the membranes were washed with 

TBST 3 x 10 min. Secondary antibodies were detected using a BM Chemiluminescence WB 

kit (Mouse/Rabbit). The protein bands were visualized with the Fuji-LAS 4000 System. The 

density of each protein band was analyzed using imaging software (Fuji Image Gauge v 4.0) 

and was normalized by the optical density of the corresponding β-actin band.  

Data and statistical analysis 

Data were analyzed using GraphPad Prism v. 5.03 (GraphPad Software, San Diego, CA, 

USA) or STATISTICA v. 13.3 (TIBCO Software Inc, Palo Alto, CA, USA). Acute seizure tests 

and grip-strength tests in Swiss Albino mice or C57BL/6/Tar x CBA/Tar mice were analyzed 

http://antibodyregistry.org/AB_2892613
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using unpaired Student's t-test or one-way analysis of variance (ANOVA) and the Dunnett’s 

multiple comparison test. Kindling in Swiss mice was analyzed by the two-way ANOVA and 

the Dunnett’s multiple comparison test. Kindling in C57BL/6/Tar x CBA/Tar mice was 

analyzed by the three-way ANOVA and the Bonferroni’s multiple comparison test. The Fisher's 

exact probability test (https://www.graphpad.com/quickcalcs/contingency2) or the Chi-square 

test were employed to analyze the chimney test. Data obtained in zebrafish larvae were analyzed 

by the two-way ANOVA and the Bonferroni’s multiple comparison test. For Western blot, ZP-

1 staining, ICP-OES or LA-ICP-MS each sample was run in at least triplicate. For Western blot 

each sample was run in at least duplicate. These experiments were analyzed by the two-way 

ANOVA and the Bonferroni’s multiple comparison test. All results are presented as the mean 

± SEM. p<0.05 was considered statistically significant with 95% confidence. No statistical 

method was used to predetermine sample size. The exact sample size in each behavioral, EEG 

or biochemical experiment is shown in Supplementary file. Data were screened for outliers 

using the Grubbs’s test (https://www.graphpad.com/quickcalcs/Grubbs1.cfm). The outliers 

were removed from the analyses. Data were analyzed for normality of residual errors using 

skewness and kurtosis. The degree of departure from normality was not significant, thus 

allowing the use of general linear model.  

https://www.graphpad.com/quickcalcs/Grubbs1.cfm
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Results 

TC-G 1008 is brain penetrant 

 

Fig 1. The concentrations of TC-G 1008 in the brain (A) and serum (B) of Swiss Albino mice over time 

following i.p. administration of a single dose of TC-G 1008 (20 mg/kg). N=4 mice per each timepoint.  

 

First, we measured the concentration versus time profiles of TC-G 1008 in the brain and 

serum of Swiss Albino mice following i.p. administration of a single dose of TC-G 1008 (20 

mg/kg) (Fig 1). The mean concentration of TC-G 1008 in the brain was 36.32 ng/g 15 min after 

its i.p. administration at a dose of 20 mg/kg and 28.48 ng/g 30 min after dosing (Fig 1A). The 

molecular weight of TC-G 1008 is 481.9 Da. The estimated EC50 values are 0.4 and 0.8 nM for 

rat and human receptors, respectively (Peukert et al. 2014), which corresponds to 0.193 ng/mL 

and 0.385 ng/mL. These data show that the concentrations of TC-G 1008 attained in the brain 

after its i.p. administration at the dose of 20 mg/kg are sufficient to occupy the GPR39 receptor. 

The mean concentrations of TC-G 1008 in serum were 2930 ng/mL and 2135 ng/mL after 15 

and 30 min, respectively (Fig 1B). The serum levels of the studied compound were close to 

those obtained following oral administration of TC-G 1008 to male C57/Bl6 mice (Peukert et 

al. 2014). For example, the dose-normalized concentration at 60 min was 0.071 in this study 

and 0.06 when the compound was given orally at the dose of 10 mg/kg (Peukert et al. 2014). 

These data indicate that bioavailability of TC-G 1008 is comparable after both routes of 

administration.  
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The pharmacokinetic parameters of TC-G 1008 following administration of the dose of 

20 mg/kg i.p. in Swiss Albino mice estimated using the non-compartmental approach are 

depicted in Table S1. TC-G 1008 was relatively slowly eliminated from serum and brain as the 

terminal half-life was about 50 min and the mean residence time values were over 70 min. The 

volume of distribution was high and significantly exceeded mouse whole body water, thus 

showing an extensive distribution of the studied compound to organs and tissues. However, the 

penetration to brain tissue was rather limited as the brain-to-serum AUC ratio was 0.014. 

Nevertheless, the TC-G 1008 concentrations in this organ were sufficient to exert 

pharmacological effects at GPR39, which prompted us to examine its behavioral effects. 
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TC-G 1008 and ZnCl2 exert divergent effects in the MEST and 6-Hz seizure threshold 

tests 

 

Fig 2. The effects of i.p. administration of single doses of VPA (A, B, C), TC-G 1008 (D, E, F) or ZnCl2 (G, H, 

I) on the seizure threshold in the maximal electroshock seizure threshold (MEST) test (A, D, G), on the seizure 

threshold in the 6-Hz seizure threshold test (B, E, H), on neuromuscular strength in the grip-strength test and on 

motor coordination in the chimney test (C, F, I). Swiss Albino mice received VPA, TC-G 1008 or ZnCl2 (the doses 

of compounds are shown on abscissas). Control animals received vehicle (VEH) (1% Tween 80 in 0.9% NaCl). 

The tests were performed 30 minutes after administration of the compounds or VEH. Data from the MEST and 6-

seizure threshold test were analyzed by the Student’s t-test or one-way ANOVA and the Dunnett’s multiple 

comparison test. They are presented as CS50 (in mA) values with upper 95% confidence limits. Data from the grip-

strength test (expressed as means ± SEM of the neuromuscular strength) and the chimney test (expressed as % of 

animals which displayed impairment of motor coordination in this test) were analyzed by the one-way ANOVA 

and Dunnett’s multiple comparison test or the Chi-square test, respectively. *P<0.05, **p<0.01, *** p<0.001 (by 

Student’s t-test or Dunnett’s multiple comparison test).  
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TC-G 1008 and ZnCl2, unlike VPA, decrease seizure threshold in the MEST test  

Our first aim was to assess the impact of GPR39 receptor activation on behavioral or 

EEG seizures. We examined the effects of single doses of GPR39 agonists: TC-G 1008 and 

ZnCl2, in comparison to a standard anti-seizure drug, VPA on the seizure threshold in two acute 

seizure-threshold tests in mice: MEST and 6-Hz-seizure threshold tests (Fig 2). Because anti-

seizure drugs may impact motor coordination and neuromuscular strength, we assessed the 

effects of the compounds in the chimney test and the grip strength test, respectively. As TC-G 

1008 was detectable in the brain tissue 30 min after its i.p. administration in Swiss Albino mice 

at a concentration sufficient to occupy the GPR39 receptor (Fig 1A), the tests examining the 

effects of the compounds on behavioral seizures were performed 30 min after their 

administration. A standard anti-seizure drug, VPA (150 mg/kg) significantly increased the 

threshold for tonic hindlimb extension in the MEST test (Fig 2A). In contrast, TC-G 1008 at 

doses of 5, 10 and 20 mg/kg (Fig 2D) and ZnCl2 at doses of 8 and 16 mg Zn/kg (Fig 2G) 

significantly decreased the threshold for seizures in this test. 

 

TC-G 1008 and ZnCl2, as VPA, increase seizure threshold in the 6-Hz seizure threshold test 

 However, all three compounds, i.e., VPA (50 mg/kg) (Fig 2B), TC-G 1008 at doses of 

20 and 40 mg/kg (Fig 2E) as well as ZnCl2 at doses of 4 and 8 mg Zn/kg (Fig 2H) significantly 

increased the threshold for seizures induced by 6-Hz, thus revealing divergent effects of the 

GPR39 agonists in the MEST and 6-Hz seizure threshold tests. 

None of the examined compounds administered as a single dose significantly impaired 

motor coordination of mice in the chimney test (Fig 2C, 2F, 2I). In addition, single doses of 

VPA had no effects on the neuromuscular strength in the grip-strength test, (Fig 2C), while TC-

G 1008 administered at single doses of 10, 20 and 40 mg/kg significantly increased the 
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neuromuscular strength of mice (Fig 2F). Similarly, a single dose of ZnCl2 (16 mg Zn/kg) 

increased the neuromuscular strength of mice in this test (Fig 2I).   

 

ZnCl2 increases maximal seizure severity and the incidence of SE in response to kainic 

acid 

 

 

Fig 3. The effects of TC-G 1008 or ZnCl2 on seizures induced by i.p. administration of kainic acid (KA) in Swiss 

Albino mice. TC-G 1008 (A, B, C) or ZnCl2 (D, E, F) (the doses shown on abscissas) were administered i.p., 30 

min before KA (40 mg/kg, i.p.) treatment in Swiss Albino mice. Control animals received vehicle (VEH) (1% 

Tween 80 in 0.9 % NaCl). Immediately after KA administration the mice were subjected to evaluation of 

behavioral seizures, which lasted 2 h. Data were analyzed by the one-way ANOVA and Dunnett’s multiple 

comparison test and are expressed as mean ± SEM or the Chi-square test. **P<0.01, *p<0.05 (the Dunnett’s 

multiple comparison test).  

 

Because GPR39 KO mice were previously characterized by increased susceptibility to 

acute seizures induced by KA (Gilad et al. 2015; Khan 2016), we next examined the effects of 

single doses of GPR39 agonists on acute KA-induced seizures in mice (Fig 5). ZnCl2 at a dose 

of 8 mg Zn/kg significantly increased the maximal seizure score in response to KA (40 mg/kg) 

(Fig 5D). Moreover, TC-G 1008 at doses of 10, 20 and 40 mg/kg (Fig 5B) and ZnCl2 at doses 

of 2 and 4 mg Zn/kg (Fig 5E) significantly decreased the latency to scratching. This parameter 

was not possible to measure after administration of the dose of 8 mg Zn/kg because mice 
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proceeded immediately to advanced seizure stages. The incidence of SE/ death (stage 7 seizure) 

was 40%, 33% and 50% after administration of TC-G 1008 at doses of 10, 20 and 40 mg/kg 

and KA (40 mg/kg), respectively (Chi-square test, p>0.05) (Fig 5C). In the case of ZnCl2, the 

incidence of SE/ death was 20%, 40% and 67% following 2, 4 and 8 mg Zn/kg and KA (40 

mg/kg), respectively (Chi-square test, p<0.05) (Fig 5F). Thus, ZnCl2 significantly increased the 

incidence of SE/ death in response to KA. None of control mice injected with KA (40 mg/kg) 

exhibited SE/death.  

 

TC-G 1008 increases the mean duration of epileptiform-like events in zebrafish larvae  

 

 

Fig 4. Electrophysiological recordings from the optic tectum of zebrafish larvae exposed to TC-G 1008 or ZnCl2 

and PTZ. Zebrafish larvae were incubated with VEH, TC-G 1008 (70 µM) or ZnCl2 (65 µM) for 20 h, and 

subsequently exposed to VEH or PTZ (20 mM) for 5 min. In experiments in zebrafish embryo medium constituted 

VEH. The EEG recordings began 5 min after the removal of larva from VEH/PTZ solution and lasted 20 min. 

Results are expressed as means ± SEM of the number of epileptiform-like events, the cumulative duration of 

epileptiform-like events, and the mean duration of epileptiform-like events during 20 min of recordings. Data were 

analyzed using a two-way ANOVA and the Bonferroni’s multiple comparison test. *P<0.05, **p<0.01, 

***p<0.001 (by the Bonferroni’s multiple comparison test).  
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To characterize the EEG effects of GPR39 agonists on seizures, we performed PTZ-

induced acute seizure model in zebrafish larvae (Fig 6A-F). Exposure to PTZ (20 mM) 

significantly increased the number of epileptiform-like events, the cumulative duration of 

epileptiform-like events and the mean duration of epileptiform-like events in zebrafish larvae. 

TC-G 1008 (70 µM) increased the mean duration of epileptiform-like events in larvae exposed 

to PTZ, compared to VEH (Fig 6C), but it did not affect the number of events (Fig 6A) or the 

cumulative duration of events (Fig 6B). Administration of ZnCl2 (65 µM) in larvae exposed to 

PTZ did not affect the mean duration of epileptiform-like events (Fig 6D), the number of events 

(Fig 6E) or the cumulative duration of events (Fig 6F), compared to VEH. Administration of 

TC-G 1008 (70 µM) or ZnCl2 (65 µM) also did not affect the examined parameters in larvae 

treated with VEH instead of PTZ (Fig 6A-F). 

 

TC-G 1008 facilitates the development of PTZ-induced epileptogenesis in mice 

 

Fig 5. (A) The effects of chronic treatment with VPA, TC-G 1008 or ZnCl2 on the development of PTZ kindling 

in Swiss Albino mice. VPA (150 mg/kg), TC-G 1008 (10 mg/kg), ZnCl2 (8 mg Zn/kg) or VEH (1% Tween 80 in 

0.9% NaCl) were injected i.p. once daily on every alternate day during weekdays. 30 min later, PTZ (40 mg/kg) 

was injected i.p. Immediately after each PTZ injection the mice were subjected to evaluation of behavioral seizures, 

which lasted 30 min. The total number of PTZ injections was 19. Data are expressed as means ± SEM of seizure 

severity and were analyzed by repeated measures ANOVA and a Dunnett’s multiple comparison test. *P<0.05, 
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**p<0.01 (by the Dunnett’s multiple comparison test) (B) The effects of chronic treatment with VPA, TC-G 1008 

or ZnCl2 and PTZ kindling on neuromuscular strength in the grip-strength test and motor coordination in the 

chimney test in Swiss Albino mice. The non-kindled mice received the respective doses of drugs: VPA (150 

mg/kg), TC-G 1008 (10 mg/kg), ZnCl2 (8 mg Zn/kg) or VEH (1% Tween 80 in 0.9% NaCl) but received saline 

(0.9% NaCl) instead of PTZ. The neuromuscular strength and motor coordination were assessed in kindled and 

non-kindled mice on the last day of PTZ kindling. Data from the grip-strength test (expressed as means ± SEM of 

the neuromuscular strength) and chimney test (expressed as % of animals which displayed impairment of motor 

coordination in this test) were analyzed by the two-way ANOVA or the Fisher’s exact test, respectively  

 

To examine the chronic effects of GPR39 agonists on epileptogenesis, we utilized PTZ-

induced kindling model of epilepsy in mice. In this model, PTZ gradually increased the seizure 

severity over time. VPA decreased the maximal seizure severity compared to VEH 

(p=0.001964, Dunnett’s multiple comparison test). In contrast, TC-G 1008 (10 mg/kg) 

increased the maximal seizure severity compared to VEH (p=0.024368, Dunnett’s multiple 

comparison test), while ZnCl2 did not significantly affect this parameter. After 19 injections of 

PTZ (40 mg/kg), the percentage of fully kindled Swiss albino mice was 6.7% of mice treated 

with VPA (150 mg/kg), 53% of mice treated with VEH, 67% of mice treated with ZnCl2 (8 mg 

Zn/kg) and 87% of mice treated with TC-G 1008 (10 mg/kg) (Fisher’s exact test p=0.0142 in 

the case of VPA 150, p=0.7104 in the case Zn 8, p=0.0352 in the case TC-G 1008 10). Thus, 

TC-G 1008 significantly increased the percentage of fully kindled mice in this model. To reduce 

possible mortality in mice treated with TC-G 1008 (10 mg/kg), exhibiting consecutive stage 5 

seizures, kindling was terminated after 19 injections of PTZ (40 mg/kg) (Fig 5A).  

We also assessed the neuromuscular strength and motor coordination of non-kindled 

and kindled mice that received the examined drugs in a repeated manner. After 19 injections, 

none of the drugs significantly affected the neuromuscular strength or motor coordination in 

non-kindled mice. Similarly, after 19 injections, none of the compounds significantly affected 

the outcomes of these tests in mice kindled with PTZ (40 mg/kg) (Fig 5B).  
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GPR39 KO mice do not differ from WT mice in terms of the seizure threshold in the 

MEST test 

Fig 6. The effects of GPR39 KO in C57BL/6/Tar x CBA/Tar mice on the seizure threshold in the MEST test (A), 

on neuromuscular strength in the grip-strength test and on motor coordination in the chimney test (B). (A) Data 

are expressed as CS50 (in mA) with upper 95% confidence limits and were analyzed by the Student’s t-test. (B) 

Neuromuscular strength (in the Grip-strength test) and motor coordination (in the chimney test) were assessed in 

experimentally naïve GPR39 KO and WT mice. Data from the grip-strength test (expressed as means ± SEM of 

the neuromuscular strength) and chimney test (expressed as % of animals which displayed impairment of motor 

coordination in this test) were analyzed by the Student’s t-test or the Fisher’s exact test, respectively.  

 

Our second aim was to explore the role of GPR39 gene in acute seizures and 

epileptogenesis. We generated GPR39 KO mice model in mixed genetic background. GPR39 

KO and WT C57BL/6/Tar x CBA/Tar mice were subjected to the MEST test. The seizure 

threshold did not differ between the GPR39 KO and WT mice in this test (Fig 6A). Also, the 

neuromuscular strength or motor coordination did not differ significantly between GPR39 KO 

and WT mice (Fig 6B).  
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TC-G 1008 facilitates the development of PTZ-induced epileptogenesis in WT but not in 

GPR39 KO mice

 

Fig 7. (A) The effects of GPR39 KO and chronic treatment with TC-G 1008 on the development of PTZ kindling 

in C57BL/6/Tar x CBA/Tar mice During PTZ kindling, WT and GPR39 KO mice were injected i.p. once daily 

with TC-G 1008 (10 mg/kg) or VEH (1% Tween 80 in 0.9 % NaCl) on every alternate day during weekdays. 30 

min later, the mice were injected i.p. with PTZ (25 mg/kg). Immediately after each PTZ injection the mice were 

subjected to evaluation of behavioral seizures, which lasted 30 min. The total number of PTZ injections was 14. 

Data are expressed as means ± SEM of seizure severity and were analyzed by the three-way repeated measures 

ANOVA and the Bonferroni’s multiple comparison test. ***P<0.001, **P<0.01 (the Bonferroni’s multiple 

comparison test). The effects of PTZ kindling in GPR39 KO or WT (C57BL/6/Tar x CBA/Tar) mice and chronic 

treatment with TC-G 1008 or VEH on neuromuscular strength in the grip-strength test and motor coordination in 

the chimney test (B) Neuromuscular strength and motor coordination were assessed on the last day of PTZ kindling 

in GPR39 KO or WT mice treated with TC-G 1008 (10 mg/kg) or VEH. Data from the grip-strength test (expressed 

as means ± SEM of the neuromuscular strength) were analyzed by the two-way ANOVA and the Bonferroni’s 

multiple comparison test. Data from the chimney test are expressed as % of animals which displayed impairment 

of motor coordination in this test. **p<0.01 (the Bonferroni’s multiple comparison test).  

 

To examine the role of GPR39 gene in epileptogenesis, GPR39 KO and WT 

C57BL/6/Tar x CBA/Tar mice were subjected to chronic, PTZ-induced kindling model of 

epilepsy. The maximal seizure severity did not differ between the GPR39 KO and WT mice 

subjected to this model. However, chronic administration of TC-G 1008 increased the maximal 
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seizure score in WT mice. Such effect was not observed in GPR39 KO mice (Fig 7A). These 

data show that TC-G 1008 facilitated the development of PTZ-epileptogenesis by acting at the 

GPR39 receptor. After 14 injections of PTZ (25 mg/kg), the percentage of fully kindled mice 

was 25% in the case of WT VEH group, 83.3% in the case of WT TC-G 1008 10 group, 0% in 

the case of KO VEH and 0% in the case of KO TC-G 1008 group. The Fisher’s exact test 

p=0.0210 regarding WT TC-G 1008 group showed that TC-G 1008 significantly increased the 

percentage of fully kindled WT mice in this model. Furthermore, the percentage of fully kindled 

WT (C57BL/6/Tar x CBA/Tar) mice that were administered with TC-G 1008 was similar 

(>80%) to Swiss Albino mice subjected to treatment with this compound at the end of both 

kindling procedures. To reduce possible mortality in C57BL/6/Tar x CBA/Tar mice treated 

with TC-G 1008 (10 mg/kg), exhibiting consecutive stage 5 seizures, kindling was terminated 

after 14 injections of PTZ (25 mg/kg). Surprisingly, 14 injections of TC-G 1008 increased the 

neuromuscular strength in GPR39 KO mice subjected to kindling induced by PTZ (25 mg/kg), 

but not in WT mice that underwent this procedure (Fig 7B). 

 

GPR39 KO mice subjected to the PTZ-kindling model display decreased total serum zinc 

concentration but no significant alterations in total zinc in the hippocampus 

 

 



36 

 

Fig 8. The effects of PTZ kindling in GPR39 KO or WT (C57BL/6/Tar x CBA/Tar) mice and chronic treatment 

with TC-G 1008 (10 mg/kg) or VEH on total zinc in serum (A) and total zinc in the hippocampus (B). The PTZ 

kindling in GPR39 KO or WT (C57BL/6/Tar x CBA/Tar) mice consisted of 14 injections of PTZ (25 mg/kg). The 

biochemical analyses were performed at 24 h after the last PTZ injection. (A) Total zinc was measured in serum 

by ICP-OES. (B) Total zinc was analyzed semi-quantitatively in coronal hippocampal sections by LA-ICP-MS. 

Results are presented as counts per second (CPS). Data were analyzed by the two-way ANOVA and the 

Bonferroni’s multiple comparison test. *P<0.05 (by the Bonferroni’s multiple comparison test). 

 

Our next aim was to provide more insight into the relationship between the function of 

the GPR39 receptor and different pools of zinc (total zinc and [Zn2+]I) in the context of 

epileptogensis. We analyzed total zinc concentration in sera and hippocampi of GPR39 KO and 

WT C57BL/6/Tar x CBA/Tar mice subjected to the PTZ-kindling model. At 24 h after the 

completion of the kindling paradigm, total serum zinc concentration was lower in VEH-treated 

GPR39 KO mice subjected to the PTZ-kindling model, compared with VEH-treated WT mice 

that underwent this procedure. Chronic administration of TC-G 1008 did not affect total serum 

zinc concentration in either GPR39 KO or WT mice subjected to this paradigm (Fig 8A). 

Moreover, a semi-quantitative analysis by means of LA-ICP-MS method applied to 

hippocampal slices did not reveal statistically significant differences in total zinc in the 

hippocampus between GPR39 KO or WT that were treated with either VEH or TC-G 1008 

during PTZ-kindling model (Fig 8B). 
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Chronic treatment with TC-G 1008 increases [Zn2+]I in the hippocampus of WT mice 

subjected to the PTZ-kindling model  

 

 

Fig 9. The effects of PTZ kindling in GPR39 KO or WT (C57BL/6/Tar x CBA/Tar) mice and chronic treatment 

with TC-G 1008 (10 mg/kg) or VEH on the relative expression of MTF1 protein in the hippocampus (A) and on 

[Zn2+]I in the hippocampus (C-E). The PTZ kindling in GPR39 KO or WT (C57BL/6/Tar x CBA/Tar) mice 

consisted of 14 injections of PTZ (25 mg/kg). The biochemical analyses were performed at 24 h after the last PTZ 

injection. (A) The results (mean ± SEM) are presented as the MTF1/β-actin ratio and were analyzed by the two-

way ANOVA. (B) Representative blots of MTF1 in the hippocampi of mice. The observed band (~130 kDa). (C-

E) The ratio of mean Zinpyr-1 (ZP-1) grey values between mouse sections from WT or GPR39 KO mice that 

received either TC-G 1008 or VEH and underwent PTZ kindling in the CA3 (A), CA1 (B) or DG (C) regions of 

the hippocampus. Data were analyzed by the two-way ANOVA and the Bonferroni’s multiple comparison test. 

*P<0.05 (by the Bonferroni’s multiple comparison test). 
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Furthermore, [Zn2+]I intensity, analyzed by a fluorescent probe ZP-1, did not difer 

significanly between hippocampal sections from GPR39 KO and WT mice at 24 h after the 

completion of the kindling paradigm (Fig 9D-F). However, chronic treatment with TC-G 1008 

increased [Zn2+]I in the CA3 (Fig 9D), CA1 (Fig 9E) and DG (Fig 9F) regions of the 

hippocampus of WT mice subjected to this model of epilepsy. As MTF1 is a candidate [Zn2+]I 

sensor (Carpenter and Palmer 2017), we examined its expression at the protein level in the 

hippocampi of those mice. At 24 h after the completion of the kindling paradigm, there were 

no statistically significant changes in the level of expression of MTF1 protein in the 

hippocampus between GPR39 KO and WT mice. Increased [Zn2+]I in sections from WT mice 

treated with TC-G 1008 during the kindling paradigm was parallel to increased (by 86 %) 

expression of MTF1 protein (the result was not statistically significant).  
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Chronic treatment with TC-G 1008 markedly increases activation of CREB in the 

hippocampus of GPR39 KO mice subjected to the PTZ-kindling model 

 

 

   

Fig 10. The effects of PTZ kindling in GPR39 KO or WT (C57BL/6/Tar x CBA/Tar) mice and chronic treatment 

with TC-G 1008 (10 mg/kg) or VEH on the relative expression of proteins: p-CREB, CREB, BDNF, p-TrkB or 

TrkB in the hippocampus. The results (mean ± SEM) are presented as the p-CREB/CREB (A) or BDNF/β-actin 

(B) or p-TrkB/TrkB (C ratio and were analyzed by the two-way ANOVA and a Bonferroni’s multiple comparison 

test. **P<0.01 (by the Bonferroni’s multiple comparison test). (D) Representative blots of p-CREB, CREB (~46 

kDa), BDNF (~14 kDa), p-TrkB, TrkB (~140 kDa) and β-actin (~42 kDa) in the hippocampi of mice. 

 

Finally, we examined changes in expression of proteins of TC-G 1008 signaling 

pathway. VEH-treated GPR39 KO and WT mice subjected to the PTZ-kindling model did not 

differ significantly in p-CREB/CREB, BDNF or p-TrkB/TrkB in the hippocampus at 24 h after 

the completion of the model (Fig 9A-C). Surprisingly, chronic administration of TC-G 1008 
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markedly and significantly increased the expression of p-CREB protein (by 137%) and the p-

CREB/CREB ratio (by 115%) in the hippocampus of GPR39 KO mice but not in WT mice 

subjected to this procedure (Fig 9A). These data suggest non-selective activity of TC-G 1008 

on CREB activation upon the GPR39 receptor. The p-TrkB/TrkB ratio was also increased (by 

59%) in the hippocampus of GPR39 KO treated with TC-G 1008 (the result was not significant). 

Furthermore, chronic treatment with TC-G 1008 significantly decreased p-TrkB/TrkB ratio (by 

54%) in the hippocampus of WT mice (Fig 9C).  
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Discussion and Conclusions:  

There are two main findings coming from our study. First, TC-G 1008, small molecule 

agonist of the GPR39 receptor, aggravated epileptogenesis in an animal model of epilepsy by 

acting at GPR39. Second, this compound induced non-selective activity upon GPR39 in terms 

of CREB activation in the hippocampus.  

As one of the first pharmacological tool compounds for GPR39, TC-G 1008 has been 

used extensively to characterize the function of the receptor (Laitakari et al. 2021) but no study 

up to date has demonstrated in vivo that the effects of TC-G 1008 are indeed mediated by 

GPR39. TC-G 1008 was initially described as selective for GPR39 (Peukert et al. 2014) but a 

further study suggested that it is rather a specific one as it may also bind to the serotonin 5HT1A 

receptor (Sato et al. 2016). Although the possibility of TC-G 1008 acting at another target was 

introduced, investigations that utilized this compound were directly translated to the effects of 

GPR39 activation and conclusions were driven on the therapeutic potential of such intervention. 

Our study shows that it is crucial to evince that the effects obtained with TC-G 1008 in certain 

experimental context are GPR39-dependent. 

The compound aggravated acute PTZ-induced seizures in zebrafish, as shown with EEG 

assay and facilitated the development of PTZ-kindling in mice. The effects of TC-G 1008 in 

the chronic, PTZ-induced kindling model of epilepsy in WT C57BL/6/Tar x CBA/Tar mice 

were similar with those observed in Swiss Albino mice, while TC-G 1008 had no effect in 

GPR39 KO mice. Thus, by combining the observation on behavioral effects of TC-G 1008 in 

genetically unmodified mice and GPR39 KO mice we found that TC-G 1008 facilitated PTZ-

induced epileptogenesis via GPR39 receptor. Noteworthy is the fact that we examined the 

effects of TC-G 1008 on behavioral seizures in mice after determining that the concentrations 

of TC-G 1008 attained in the brain following its i.p. administration are sufficient to occupy the 

GPR39 receptor.  
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We found no impact of the GPR39 gene KO on either acute seizures induced by an 

electrical stimulus or on epileptogenesis. However, TC-G 1008 facilitated the PTZ-

epileptogenesis by acting at GPR39, thereby showing for the first time that activation of GPR39 

aggravated epileptogenesis. Our data obtained with the aid of this model thus argue against 

GPR39 activation being a therapeutic strategy for treating epilepsy. They are in contrast to the 

initial hypothesis. We conjectured anti-seizure/antiepileptogenic effects of GPR39 receptor 

activation based on previous study in which GPR39 KO mice displayed higher susceptibility to 

acute seizures induced by KA (Gilad et al. 2015; Khan 2016).  

The above-mentioned finding might have important therapeutic implications. Drug 

discovery efforts have focused on GPR39 (Bassilana et al. 2014; Fjellstrom et al. 2015; 

Frimurer et al. 2017; Grunddal et al. 2021). GPR39 agonism was often suggested as a novel 

pharmacological strategy (Laitakari et al. 2021). On the other hand, GPR39 antagonism was 

suggested to be beneficial in myocardial infarction (Methner et al. 2021). Enhanced expression 

of GPR39 was found in the aging human brain (Davis et al. 2021) and in cancers (Gutierrez-

Ruiz et al. 2022). Taken together, current data show the Janus faces of the GPR39 receptor as 

a target for pharmacological intervention. GPR39 agonism might be beneficial in diseases, e.g., 

depression (Mlyniec et al. 2016; Sah et al. 2021; Starowicz et al. 2019) but worsen outcome of 

neurological diseases/ epilepsies may be added to possible side-effects of such intervention. 

In the previous study GPR39 KO mice bred on C57BL/6 genetic background displayed 

higher maximal seizure severity score in response to an i.p. injection of a single dose of KA (10 

mg/kg) (Gilad et al. 2015). The GPR39 KO model used in the present study was established in 

mixed genetic background C57BL/6/Tar x CBA/Tar. The genetic background may account for 

seizure susceptibility (Schauwecker 2011). The dose of KA used in the study of Gilad et al. 

(2015) produced stage 5 seizures (loss of posture or status epilepticus) in 27% of the WT mice. 

Because we hypothesized that GPR39 agonist may protect from seizures induced by KA, we 
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examined the effects of TC-G 1008 and ZnCl2 on seizures induced by a single dose of KA of 

40 mg/kg i.p. This dose of KA previously produced severe seizures in all examined mice (Lee 

et al. 2000). ZnCl2 increased the maximal seizure severity in response to KA (40 mg/kg) and 

both ZnCl2 and TC-G 1008 decreased the latency to scratching. Thus, aggravation of acute KA-

induced seizures was observed in both GPR39 KO mice (Gilad et al. 2015) and mice 

administered with TC-G 1008. However, in acute KA-seizure model we cannot exclude the 

involvement of other targets such as 5-HT1A receptor in the activity of TC-G 1008 or ZnCl2.  

GPR39 KO mice subjected to the PTZ-kindling model displayed decreased total serum 

zinc concentration, compared to WT mice that underwent this procedure. This data strengthens 

the link between the GPR39 receptor and zinc. The changes in serum were, however, not 

accompanied by changes in total zinc in the hippocampus, as examined semi-quantitatively by 

LA-ICP-MS. Serum [Zn2+]I (measured with ZP-1) was proposed to better reflect body’s zinc 

status than total serum zinc and it did not correlate with the total serum concentration of zinc 

measured by ICP-MS (Alker et al. 2019). We therefore analyzed [Zn2+]I semi-quantitatively by 

ZP-1 in hippocampal slices.  

In addition, previous studies using fluorescent, cell membrane permeable probes 

demonstrated the association between [Zn2+]I and SE. Staining with TFL-Zn of hippocampal 

slices from pilocarpine-treated rats for [Zn2+]I showed increased staining in the CA1 region, 

which appeared 1 day after SE and declined 2–4 days after (van Loo et al. 2015). Moreover, 

staining of hippocampal sections with TFL-Zn revealed that zinc accumulated in CA1 and CA3 

neurons after KA-induced seizures (Lee et al. 2000). The increase in [Zn2+]I in the hippocampus 

of WT mice that underwent PTZ kindling and treatment with TC-G 1008 might thus be 

indicative of the relationship between [Zn2+]I and enhanced epileptogenesis. Furthermore, in the 

study of van Loo et al. 2015 the levels of MTF1 expression were increased 6 and 12 h after 

pilocarpine-induced SE and returned to basal values thereafter. We analyzed [Zn2+]I  and MTF1 
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at one time point (at 24 h after the last injection of PTZ) and we did not observe robust changes 

in either [Zn2+]I or its sensor (Carpenter and Palmer 2017) in mice experiencing enhanced 

epileptogenesis perhaps due to the time of sample collection for the analysis.  

The increase in p-CREB/CREB ratio in the hippocampus of kindled GPR39 KO mice 

may be induced by TC-G 1008 acting at the 5-HT1A receptor (Sato et al. 2016). Both TC-G 

1008 and ZnCl2 may act at this subtype of serotonin receptor. As GPR39, 5HT1A receptor 

belongs to GPCRs. The postsynaptic 5HT1A heteroreceptor is highly expressed in the 

hippocampus. Depending on the engagement of G protein subunits, 5HT1A activation may 

either increase cAMP level and subsequently increase phosphorylation of CREB or it may 

produce the opposite effects, i.e., decrease cAMP and decrease CREB phosphorylation. In 

addition to G-proteins, 5HT1A signals via β-arrestin pathway (Salaciak and Pytka 2021). TC-

G 1008 binding to 5-HT1A (Sato et al. 2016) was shown using the PRESTO-Tango GPCR-

ome assay, which is based on measurement of G-protein independent β-arrestin. Furthermore, 

5HT1A and GPR39 receptors may oligomerize (Mlyniec et al. 2021). Also, zinc is an allosteric 

modulator of 5HT1A receptor, inducing a biphasic, concentration-dependent effect, either its 

activation (in sub-μM concentrations) or inhibition (in sub-mM concentrations) (Satala et al. 

2016). Our data implies that TC-G 1008 may bind to 5HT1A and affect CREB phosphorylation 

via this receptor. This finding might be important for the understanding of the literature 

accumulating in recent years on TC-G 1008 as a ligand of GPR39, as some of the effects may 

have been induced by off-target(s).  

A limitation for the above conclusion is that all mice from which we obtained samples 

were subjected to a model of epilepsy. However, the GPR39 KO mice treated with VEH did 

not differ from GPR39 KO mice treated with TC-G 1008 in terms of the behavioral seizure 

scores in this model, which indeed suggest that TC-G 1008, and not PTZ-induced kindling 

itself, affected CREB activation in GPR39 KO mice.  
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The effects of both acute and chronic treatment with the studied compounds and models 

of acute seizures or chronic PTZ-kindling model of epilepsy on different pools of zinc and 

expression of proteins of the GPR39 signaling pathway in genetically unmodified mice are 

shown in Supplementary file (Fig S2-10). We chose the doses of compounds used in MES or 

6-Hz seizure models based on the outcome of the respective seizure-threshold tests and we 

terminated PTZ kindling based on the seizure score for the group which displayed the highest 

seizure score, i.e., either TC-G 1008 or TC-G 1008 in WT mice group. As consequence, the 

doses of compounds used for biochemical analysis vary between MES and 6-Hz seizure model 

and the total number of PTZ injections (as well as the dose of PTZ) differ between kindling in 

genetically unmodified and GPR39 KO mice, thus affecting the biochemical outcomes. For 

instance, the lack of significant differences in [Zn2+]I in PTZ-kindled Swiss Albino mice that 

received TC-G 1008 (Fig S7) may be explained by the dose of PTZ and the number of injections 

compared to those used in C57BL/6/Tar x CBA/Tar mice. 

Undoubtedly, the relationship between zinc signaling and seizures/epilepsy is complex 

as both extracellular zinc and [Zn2+]I may produce either protective or detrimental effects by 

interacting with a variety of targets, raising the question how changes in extracellular zinc/ 

[Zn2+]I concentrations influence its molecular targets and which of the effects will be prevailing 

(Doboszewska et al. 2019). Possible mechanisms linking GPR39, [Zn2+]I and seizures/epilepsy 

include potassium-chloride co-transporter 2 (KCC2). KCC2 maintains low intracellular 

chloride concentration and is indispensable for inhibitory function of GABAA receptor (Moore 

et al. 2017). Activation of GPR39 by extracellular zinc induced up-regulation of KCC2 (Gilad 

et al. 2015; Khan 2016) and inhibited the release of the main excitatory neurotransmitter 

glutamate (Lu and Mackie 2016). Conversely, an increased [Zn2+]I inhibited KCC2 activity 

(Hershfinkel et al. 2009). Therefore, [Zn2+]I may play a key role in mediating the balance 

between neuronal inhibition/ excitation.  
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We found that administration of TC-G 1008 at a low dose, which was ineffective in the 

MEST test, in mice subjected to MES seizures, was accompanied by decreased [Zn2+]I in the 

CA1 and CA3 regions of the hippocampus (Fig S5). Moreover, administration of TC-G 1008 

or ZnCl2 at doses which were effective in the 6-Hz-threshold test, in mice subjected to 6-Hz 

seizures, was accompanied by decreased [Zn2+]I in the CA1 and DG regions (Fig S6). Thus, the 

distinct effects of TC-G 1008 in the MEST and 6-Hz seizure threshold tests, i.e, either seizure 

threshold decreasing or increasing effects, respectively, might be associated with hippocampal 

[Zn2+]I.  

CREB (Mertz et al. 2020; Wang et al. 2020), BDNF (Iughetti et al. 2018) and TrkB (Lin 

et al. 2020) proteins are of interest in terms of seizures/epileptogenesis. p-CREB expression 

increased 3 min after seizures induced by i.p. administration of a single dose of PTZ (55 mg/kg) 

in the hippocampus and cortex (Moore et al. 1996). BDNF and p-TrkB increased in animal 

models and humans with epilepsy in the temporal and hippocampal areas. Furthermore, the 

inhibition of BDNF signaling was suggested as a strategy for the treatment of epilepsy (Iughetti 

et al. 2018). However, we observed that the changes in protein expression did not correspond 

to the behavioral outcomes. For example, in the PTZ-kindling model in Swiss Albino mice TC-

G 1008, ZnCl2 and VPA facilitated, had no effect or suppressed epileptogenesis, respectively, 

but all compounds decreased the p-CREB/CREB and p-TrkB/TrkB ratios in the hippocampus 

of kindled mice (Fig S10).  

Regarding the biochemical effects of acute or chronic administration of the studied 

compounds in sham/ non-kindled (control) animals we found a tendency towards activation of 

CREB and TrkB after acute but not chronic treatment (Fig S8-S10). In a previous study TC-G 

1008 administered at a single dose increased the level of BDNF protein expression at 24 h after 

administration (Mlyniec et al. 2016). We did not observe changes in BDNF protein level after 

acute treatment with TC-G 1008, which might be due to the time of analysis (30 min after 
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administration in the present study vs. 24 h after administration in the study by Mlyniec et al. 

(2016). However, when TC-G 1008 was administered acutely and the hippocampal tissue was 

obtained for the analysis immediately after a behavioral procedure (namely, the forced swim 

test (FST), which is used for screening for antidepressant drugs), there was a tendency towards 

increased BDNF protein expression 30 min after administration (Starowicz et al. 2019). 

Furthermore, in the same study TC-G 1008 was administered chronically (for 14 days) and the 

expression of BDNF measured at 24 h after the FST did not change (Starowicz et al. 2019). 

Similarly, we did not observe changes in BDNF protein level after chronic administration of 

TC-G 1008 at 24 h after the last dose in the chronic paradigm (Fig S10 E). Hence, the activation 

of CREB-BDNF-TrkB pathway by TC-G 1008 may be time-dependent and transient. More 

importantly, the activation of components of this signaling pathway by TC-G 1008 may also 

result from its effect at targets other than GPR39, as shown in the present study with the aid of 

GPR39 KO mice.  

Serum zinc level was suggested as a biomarker in epilepsy (Scassellati et al. 2020). 

Furthermore, VPA was reported to decrease serum zinc (Doboszewska et al. 2019; Jia et al. 

2020). Here, serum zinc increased either after acute or chronic administration of ZnCl2 but not 

after treatment with TC-G 1008, which is consistent with the observation that plasma zinc 

responds to zinc supplementation (King et al. 2015) and with a previous study which did not 

show changes in serum zinc concentration after a 2-week administration of TC-G 1008 

(Starowicz et al. 2019).  

In summary, the effects of TC-G 1008 in acute seizure models in mice or zebrafish may 

be attributable to its action at GPR39 or, presumably, 5HT1A, but our data consistently support 

the hypothesis that activation of GPR39 aggravated epileptogenesis in the PTZ-kindling model. 

Our data argue against GPR39 activation being a therapeutic strategy for treating epilepsy and 

raise the possibility that antagonists of GPR39 shall be tested as antiepileptogenic drugs. 
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Potential worsened outcome of epilepsies may be considered when designing drugs for other 

diseases which mechanism of action will be GPR39 agonism. We showed that the behavioral 

effects of TC-G 1008 on epileptogenesis induced by PTZ are mediated by the GPR39 receptor, 

but we concomitantly demonstrated that the effects on CREB activation in the hippocampus 

may be induced by other targets, thereby showing for the first time the non-selective activity of 

TC-G 1008 in animal brain tissue. The possibility of non-selective activity of this small 

molecule agonist was previously indicated by in vitro data (Sato et al. 2016). Based on the 

analysis of the downstream effects of TC-G 1008 in the hippocampus GPR39 KO mice we 

suggest a critical reassessment of the existing literature, as some of the effects previously 

attributed to TC-G 1008 action at GPR39 may have arisen from different mechanisms.  
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