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Abstract 

In the mammalian brains synaptic zinc acts as a neuromodulator and a neurotransmitter. 

Synapses are also where toxic forms of amyloid beta (Aβ) are formed, which is the first step of 

a pathological cascade leading to Alzheimer’s dementia (AD) in humans. Evidence gathered 

over the span of last 25 years shows that synaptic zinc exacerbates the effects of Aβ; and, that 

by binding zinc Aβ disrupts the physiological functions of the ion. One of the most understudied 

physiological functions in this regard is neurotransmission through the zincergic GPR39 

receptor.  

The main aim of this work was to establish whether GPR39 modulates memory in mice, 

especially: an analogue of declarative memory affected in early stages of AD in humans i.e. 

episodic memory. Secondly, the effects of both acute and chronic pharmacological 

manipulations of GPR39 with its agonist (TC-G 1008) on declarative memory of mice were 

investigated; as well as, the effect of GPR39 knock-out (KO) on the action of memantine – a 

drug used in pharmacotherapy of AD. Lastly, the procognitive potential of both drugs was tested 

in a model of neurodegeneration – the constitutive heterozygous KO of brain-derived 

neurotropic factor (Bdnf). The battery of behavioral tests used in this work consisted of the 

episodic-like memory (ELM) test, the Morris Water Maze (MWM) and the modified rota-rod 

test of procedural memory. In order to explore the molecular underpinnings of GPR39 activity 

in the hippocampus, ex vivo measurements of selected proteins (Western blotting) and mRNA 

(qRT-PCR) were conducted. 

Genetic and acute pharmacological manipulations of the GPR39 suggest the receptor is 

functionally involved in declarative, but not procedural memory of mice. Chronic TC-G 1008, 

however, did not affect neither ELM, nor spatial memory. No clear effect of acute memnatine 

was observed, while chronic memantine had a tendency to improve the spatial component of 

ELM in both wild-type and KO male mice; as well as, disrupted spatial memory of GPR39 KO 

mice in the MWM. Mice with lower expression of BDNF displayed an impairment (but not loss 

of function) of spatial memory in the MWM, which was unaffected by either TC-G 1008 or 

memantine administered chronically. The results of ex vivo molecular experiments point to both 

excitatory and inhibitory neurotransmission as being affected by GPR39 manipulations, but the 

pattern of the observed changes does not offer a clear mechanistic explanation of the behavioral 

results. 
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Introduction 

1. Alzheimer’s disease 

Epidemiology 

 It is estimated that around 60-70% of dementias worldwide are of Alzheimer’s type 

(Prince et al., 2015). In 2015 this amounted to 28-33 million people of the 47 million affected 

by dementia - figures that will have tripled until 2050 (ibidem). Around 98-99% of Alzheimer’s 

disease (AD) patients are over 60 years of age and aging seems to be the most important factor 

for the development of AD. The remaining 1-2% of AD cases are observed in people aged 30-

60, and this early onset AD is closely linked to genetic factors, such as mutations in the amyloid 

precursor protein (APP) and presenilins 1 and 2 genes (ibidem). Thus, early onset AD runs in 

around 520 families spread all over the world (Ebenezer, 2015) and is often referred to as 

familial AD. Regardless of the leading cause, life-style related factors such as diet, physical 

exercise, educational attainment, obesity and diabetes also heavily influence the risk of AD 

development, which corresponds to the fact that 60% of people with dementia live in low and 

middle income countries (Prince et al., 2015). Lastly, gender has been shown to affect both the 

risk of AD and the course of the disease (Podcasy and Epperson, 2016). Old women (>65 years 

of age) are: almost twice as prone to the development of AD as old men; display faster 

progression of the clinical symptoms and neuropathology; and – at the same time - have a longer 

life span during the course of AD, with female sex being a predictor of longevity in patients 

with a good response to pharmacotherapy (ibidem). 

History and current definition 

In 1901 Alois Alzheimer - a German psychiatrist and neuropathologist - examined a 51 

year old Auguste Deter, who was admitted to an asylum in Frankfurt after her husband had 

become worried by progressive changes in her behavior over the course of the previous year 

(Maurer, Volk and Gerbaldo, 1997). These would include jealousy, loss of memory and 

disorientation (ibidem). Further examination revealed that the woman suffered from auditory 

hallucinations, delusions, anxiety and psychosocial deficits. The symptoms were commonly 

observed by the physician, albeit in much older patients, therefore Alzheimer became highly 

interested in Augustes’ “presenile dementia” and requested her to remain in the asylum, until 

her death 5 years later, in order to study the patient’s brain postmortem (ibidem). A detailed 

description of both clinical symptoms and neuropathological changes of this new form of 
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dementia was presented in 1906 at a conference in Tubingen,  published the following year, 

and made famous as “Alzheimer’s disease” by Emil Kraeplin, who included it in the 8th edition 

of his Handbook of Psychiatry in 1910 (ibidem). Apart from indications of brain loss, such as 

enlarged sulci, Alzheimer observed histopathological changes that to this day remain the main 

factor for differential diagnosis of the disorder from other causes of dementia (Jack et al., 2018): 

extracellular neuritic plaques and intracellular neurofibrillary tangles (NFTs).  

It is only recently that these defining biomarkers of AD have become possible to reliably 

quantify in vivo, and throughout the 20th century, as well as at the beginning of the 21st century, 

a definite diagnosis of AD could be made only postmortem. Nonetheless, AD existed as a 

clinical entity diagnosed antemortem and was defined by various symptoms that changed over 

the course of 100 years since Alzheimer’s original description (Knopman, Petersen and Jack, 

2019). Up until 1970’s, AD was thought to be a form of presenile dementia, similar to the 

condition of Auguste Deter (ibidem). This changed in the 1980’s, when cognitive impairment 

at any age caused by neuritic plaques and NFTs was considered AD. Since neuropathology 

could be evaluated only postmortem, a diagnostic term of “probable AD” was used and defined 

as an acquired, progressively worsening amnestic disorder, with functional consequences in 

daily life (ibidem). Around 80% of individuals diagnosed with probable AD exhibited AD 

neuropathology, as did around 30% without clinical symptoms of the disorder (ibidem). With 

the development of more sensitive neuropsychological diagnostic tools in the 1990’s, it became 

apparent that decline in cognition can be detected before functional impairment in daily life. 

Hence, a new category of mild cognitive impairment (MCI) was established and considered a 

prodromal phase of AD (ibidem). Subsequently, it was discovered that around 30% of MCI 

individuals, who go on to develop symptoms of dementia, have no indication of AD-like 

neuropathology (ibidem). Moreover, another level of complexity was introduced by concurrent 

developments in basic molecular research of AD.        

 In the 1980’s the amyloid beta (Aβ) protein was identified as the core of extracellular 

neuritic plaques, which additionally consist of degenerating dendrites and axons until these 

prats of neurons are destroyed by microglial cells (Glenner and Wong, 1984). The Aβ peptide 

was found to consist of 39 to 43 amino acids and to be a part of a larger protein of 695 amino 

acids, named amyloid precursor protein (APP), as APP was discovered in the course of 

investigating Aβ (Hardy and Selokoe, 2002). The gene encoding APP is located at chromosome 

21, trisomy of which causes Downs syndrome that is characterized by neuropathology similar 

to AD (ibidem). In the early 1990’s it was discovered that: 1) Aβ is a normal product of APP 

metabolism; 2) Aβ production is enhanced by mutations of presenilin 1 and 2 genes, which 
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encode parts of the γ-secretase protease responsible for the cleavage of APP; 3) genetic 

mutations of APP that lead to AD are located at sites where the protein is cleaved by α-, β- and 

γ-secretases; 4) mutations in a gene encoding apolipoprotein E (ApoE-ε4), responsible for 

phospholipid clearance, are a risk factor for AD (Hardy and Selokoe, 2002; Selkoe and Hardy, 

2016).  

Taken together, these studies led to the development of the “amyloid cascade” 

hypothesis of AD, which states that abnormal deposition of fibrillary Aβ in the extracellular 

space, due to either its overproduction, decreased clearance, or both, subsequently - over the 

course of many years - leads to neuropathological changes and dementia (Hardy and Higgins, 

1992). With the introduction of 11C Pittsburgh compound B positron emission tomography 

(PET) in the early 2000’s, which enabled measurement of Aβ deposits in human brains in vivo 

(Klunk et al., 2004), the amyloid cascade hypothesis was weakened by a confirmation of earlier 

postmortem studies showing little or no correlation between the levels of Aβ plaques in the 

brain, and cognitive disturbances (Ingelsson et al., 2004, Villemagne et al., 2011). 

Simultaneously, a correlation of dementia with the levels of NFTs was observed (Ingelsson et 

al., 2004; Villemagne et al., 2014). Since NFTs are also a histopathological hallmark of other 

neurodegenerative disorders that lead to cognitive decline, such as fronto-temporal dementia, it 

became clear that Aβ plaques in AD “(…) lead to many downstream cellular and molecular 

changes (e.g., microgliosis, neuritic dystrophy, tangles, etc.) that are more proximate to and 

causative of neuronal dysfunction” (Selkoe and Hardy, 2016). 

A large body of research into soluble, nonfibrillar forms of Aβ was prompted by the 

discovery of high neurotoxicity of Aβ oligomers (dimers, trimers) in 1998 (Lambert et al., 

1998). These studies, conducted over the course of last 20 years, have shown that Aβ oligomers 

are responsible for the majority of the neuropathology observed in AD, including: synaptic 

plasticity dysfunction, microglia hyperactivation, loss of synaptic connections, receptor 

redistribution, oxidative stress, and – finally – hyperphosphorylation of the Tau protein, which 

leads to the formation of NFTs (reviewed in: Cline et al., 2018). Therefore, it can be stated that 

the first step of the amyloid cascade hypothesis i.e. abnormal APP processing into Aβ, remains 

a highly probable distal cause of AD, but establishing a link between Aβ, NFTs, neuropathology 

and clinical symptoms of AD is an ongoing endeavor.  

In 2018 this matter was recognized by the National Institute on Aging and Alzheimer’s 

Association workgroups (Jack et al., 2018), which redefined their previous, widely-accepted, 

conceptualization of AD as a clinical-pathologic construct (McKhann et al., 2011). The new 

proposal is a research framework for a disease defined by a certain profile of biomarkers 
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independent from clinical symptoms, which will eventually lead to solutions that can be adopted 

in clinical practice (Jack et al., 2018). This novel approach was inspired by substantial progress 

made since 2011 in validating AD-specific biomarkers and expanding their measurement 

techniques in humans, which includes: confirmation that Aβ PET scans yield results similar to 

postmortem measurements; confirmation of Aβ42 or Aβ42/Aβ40 ratio in cerebrospinal fluid as a 

valid proxy of Aβ brain pathology; and, the development of pathologic Tau (i.e. paired helical 

filaments) PET scans (Jack et al., 2018). Moreover, methods commonly used in AD research 

to evaluate neurodegeneration have been verified as not specific for AD. These include: 

magnetic resonance imaging of structural changes; fluorodeoxyglucose PET imaging of brain 

metabolism; and, the measurement of total Tau in cerebrospinal fluid (ibidem).  

Therefore, the National Institute on Aging and Alzheimer’s Association workgroups’ 

proposal was to restrict the term AD to individuals with abnormal markers of amyloidosis (A, 

these include: high Aβ PET levels or low levels of Aβ42 or Aβ42/Aβ40 ratio in cerebrospinal 

fluid), and abnormal markers of tauopathy (T, which includes: high pathologic Tau PET levels 

or elevated levels of phosphorylated Tau in cerebrospinal fluid) (ibidem). Individuals with 

biomarker evidence of amyloidosis (A+), but without abnormal tauopathy biomarkers (T-) 

would be classified as “Alzheimer’s pathologic change”, and regarded an earlier phase of 

“Alzheimer’s continuum”, with the later phase (A+T+) being AD. With the addition of the 

abovementioned 3 biomarkers of neurodegeneration (N), that are not specific for AD diagnosis, 

but are helpful in evaluating the progression of the disease, the workgroup adopted the AT(N) 

biomarker grouping system (Jack et al., 2016) into a broad classification system of research 

participants. Based on their biomarker profile, an individual can be classified as “normal” (A-

T-(N)-), being on “Alzheimer’s continuum” (A+T+/-(N)+/-) or “suspected non-Alzheimer’s 

pathophysiology” (SNAP, A- and either T+ or (N)+ or both T and (N) +). This classification 

will be used in the next section in order to pinpoint a memory dysfunction that, to this date, has 

the most solid empiric background to be associated with AD. 

Amnestic symptoms of Alzheimer’s disease 

The National Institute on Aging and Alzheimer’s Association deliberately abandoned 

clinical symptoms of a multidomain amnestic dementia in order to focus on the neuropathologic 

changes that actually define AD as one of the causes of dementia. By adapting this approach it 

became possible for researchers to search for cognitive correlates of Alzheimer’s continuum in 

an unbiased manner. One finding, which stems from studies utilizing the AT(N) classification 

conducted so far, is that neuropsychological episodic memory measures are sensitive to the 
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presence of the “A” biomarker in cognitively normal adults (Burnham et al., 2019), as well as 

individuals reporting subjective concerns about their cognition, but without any functional 

impairment in daily life (Jutten et al., 2021). This is in line with a previous meta-analysis of the 

relationship between Aβ biomarkers and various cognitive domains in cognitively normal older 

adults, where only episodic memory was correlated with Aβ PET levels (Hedden et al., 2013).      

Moreover, it has recently been shown that episodic memory may be used to predict the 

progression of AD (Moscoso et al., 2019; McCollum et al., 2021). Within a group of individuals 

with MCI, the A+T+(N+) (i.e. AD) biomarker profile is characterized by worse baseline 

episodic memory, smaller posterior hippocampal volume, thinner cortex, and steeper 

longitudinal decline than A+T-(N+) profile (i.e. Alzheimer’s and concomitant suspected non-

AD pathologic change) (McCollum et al., 2021). Another study confirmed that episodic 

memory can be used to predict progression from early to late MCI only in A+T+(N+) 

individuals, and that no changes in episodic memory are observed between early and late MCI 

in A+T-(N+) participants (Moscoso et al., 2019). Combined with the abovementioned results 

from cognitively normal adults, it seems that a decline in episodic memory corresponds to a 

progression from normal, to Alzheimer’s pathologic change, to AD biomarker profile, with “A” 

being more important at earlier, while “T” at the latter stages (Fig. 1).  

 

Fig. 1. Summary of the AT(N) classification (based on: Jack et al., 2018) in relation to 

neuropsychological episodic memory test results. Aβ deposits are inversely related to episodic memory 

function in cognitively normal adults, while pathological Tau protein is a crucial component of episodic 

memory decline during Alzheimer’s continuum (see text for explanation). 

 

The implication that episodic memory may be a cognitive marker of Alzheimer’s 

continuum is important both for the clinic and for potential back-translation to basic and 
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preclinical research. With regard to the former, given the scarcity of biomarker testing in a 

clinical setting and lack of disease-modifying treatments for AD, other tools for initial, scalable 

screening of individuals at risk of AD are a must in order to apply preventive treatment. This 

issue has become of even more importance since the recent approval of aducanumab for medical 

use in the USA in June 2021, which opens the avenue to target Aβ aggregates 

pharmacologically in asymptomatic individuals in order to halt the buildup of AD 

neuropathology. Moreover, in cases where MCI is already present, deficits of episodic memory 

could be used for initial differential neuropsychological diagnosis of AD against other forms of 

dementia (Economou, Routsis and Papageorgiou, 2015; Xu et al., 2018), before biomarker 

confirmation of the disease. Neuropsychological studies also highlight the fact that AD patients 

display a deficit in consolidation of episodic memory i.e. transferring the information to long-

term memory (Economou, Routsis and Papageorgiou, 2015), pointing to late long-term 

potentiation (LTP) as a potential cellular target for pharmacotherapy. 

Regarding basic and preclinical research, over the course of last 20 years multiple lines 

of evidence have supported the notion, that other mammals and birds possess functional 

equivalents of human episodic memory, which are often termed episodic-like memory (ELM). 

Several methods to probe ELM in laboratory rodents have been established and not only 

improved our understanding of the neurobiology of ELM, but also enabled preclinical 

pharmacological manipulations of ELM to be tested (for a review see: Chao et al., 2020). 

Therefore, the second section of this work (entitled Episodic memory) will cover episodic 

memory and ELM in more detail to elucidate aspects of the topic relevant for this work. 

Zinc and Alzheimer’s disease 

 A connection between zinc and Alzheimer’s disease was proposed as early as 1981, 

based solely on the fact that most of the transcription enzymes utilize zinc ions (Zn2+) as a 

cofactor (Burnet, 1981). Today we know that around 10% of human proteome contains a zinc-

binding domain (Andreini et al., 2006), and that multiple roles this biometal plays in the human 

body include regulation of the immune, digestive, endocrine, reproductive and nervous systems. 

The concentration of zinc in the brain is estimated at around 150 μM/L, which makes it the 

highest of all organs, and translates to the fact that around 70% of proteins in the brain utilize 

zinc as a structural component (Portbury and Adlard, 2017). The majority of the ion (85-90%) 

remains bound to proteins, but the remaining 10-15% constitutes a pool of “free”, chelatable 

Zn2+, which resides in: pico- to low nano-molar concentrations in the cytosol (Granzotto, 

Canzoniero and Sensi, 2020); low nanomolar (5-25 nM) concentrations in the extracellular fluid 
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(Frederickson et al., 2006); and, low micromolar concentrations (<10 μM) (Vergnano et al., 

2014) in the synapse during neurotransmission (Pan et al., 2011; Perez-Rosello et al., 2013, 

2015; Kalappa et al., 2015). Synapses are where Aβ aggregates are formed and it has been 

shown that both the levels of Aβ deposits and their toxicity are dependent on neuronal activity 

(Bero et al., 2011, 2012). Around the time amyloid cascade hypothesis was formulated (Hardy 

and Higgins, 1992) it was discovered that Zn2+ causes rapid aggregation of human Aβ at 

concentrations as low as 300 nM (Bush et al., 1994). Zn2+ had no effect on aggregation of the 

rodent form of Aβ at concentrations of up to 25 μM, which was speculated to explain the lack 

of amyloidosis in aged mice and rats, in spite of physiological production of Aβ in rodent brains 

(ibidem). 

 Since then it has been confirmed that Zn2+ release from presynaptic terminals is 

necessary for rapid oligomerization of Aβ, as well as subsequent toxic and functional 

disturbances in the synapse (Deshpande et al., 2009; Lee et al., 2018). These include the 

disruption of LTP (Lee et al., 2018), which is one of the best-studied neurophysiological 

mechanisms behind memory formation. Compared to wild-type animals, in hippocampal slices 

of mice devoid of synaptic Zn2+ (due to knockout of ZnT3 – a membrane transporter responsible 

for loading presynaptic terminals with Zn2+) human Aβ oligomer formation is highly reduced 

(Deshpande et al., 2009). Moreover, in vivo experiments show, that human Aβ alone is 

insufficient to cause both LTP and memory impairments after injection to rats’ hippocampus, 

and that these effects of Aβ are observed only in the presence of Zn2+ (Takeda et al., 2017). 

Similarly, human Aβ neurotoxicity in rat hippocampal slices was dependent on synaptic Zn2+ 

release, which was higher – and therefore more detrimental - in both aged and female animals 

(Datki et al., 2020). Therefore, zinc-induced neurotoxicity and disruption of synaptic plasticity 

by Aβ might be possible mechanisms behind age and female sex being risk factors for AD 

development. Other mechanisms by which Zn2+ could exacerbate the effects of amyloidosis 

include: increased processing of APP into Aβ; and, shielding Aβ from degradation (Wang and 

Wang, 2017).    

 Zn2+ acts as a neuromodulator of glutamate, GABA and glycine receptors (Frederickson 

and Moncrieff, 1994; Birinyi et al., 2001; Wang et al., 2002), as well as a neurotransmitter 

trough a zinc-specific metabotropic GPR39 receptor (Holst et al., 2007; Yasuda et al., 2007). 

Due to its high affinity to Zn2+, Aβ could interfere with zincergic 

neuromodulation/neurotransmission by sequestering Zn2+ from the synapse. Because of the 

inhibitory neuromodulation of glutamatergic N-methyl-D-aspartate receptors (NMDARs) and 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) by Zn2+, it has 
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been hypothesized that neuronal hyperactivity observed during early stages of AD (Busche and 

Konnerth, 2015) could be caused by depletion of Zn2+ by Aβ from the synapse (Granzotto, 

Canzoniero and Sensi, 2020). Moreover, the GPR39 has been shown to be a necessary 

component of glutamate release inhibition via the 2-AG endocannabinoid in zincergic synapses 

of the dorsal cochlear nucleus (Perez-Rosello et al., 2013), and of the inhibitory action of 

GABAA receptors via upregulation of potassium/chloride cotransporter 2 (KCC2) in the 

hippocampus (Chorin et al., 2011; Gilad et al., 2015), but the role of Zn2+ in AD-related 

neuronal hyperactivity remains to be experimentally verified. 

The effects of Zn2+ sequestration by Aβ were investigated in vitro with regard to 

GPR39’s involvement in response to oxidative stress (Dittmer et al., 2008) in human 

neuroblastoma cells and mouse cortical neurons (Abramovitch-Dahan et al., 2016). 

Pretreatment with Aβ caused a decrease in Zn2+-GPR39-mediated calcium (Ca2+) and clusterin 

release into the cytosol, as well as a decrease in extracellular signal-regulated kinase 1/2 (ERK 

1/2) phosphorylation (ibidem). Mutations in the gene encoding clusterin are a significant risk 

factor for progression from MCI to AD (Lacour et al., 2017) and the protein is involved in 

neuronal response to oxidative insults (Foster et al., 2019), which are a well-recognized 

consequence of AD neuropathology (Cheignon et al., 2018).  

Furthermore, another line of evidence links Zn2+ to NFTs. Numerous in vitro cell line 

studies have shown that at low micromolar concentrations Zn2+ causes phosphorylation and 

aggregation of the Tau protein (Mo et al., 2009; Hu et al., 2017) through activation of ERK1/2, 

glycogen synthase kinase (GSK)-3b and P70S6 kinase (An et al., 2005; Pei et al., 2006), or 

inhibition of protein phosphatase 2A (PP2A) (Sun et al., 2012; Xiong et al., 2013). Moreover, 

not only does Zn2+ significantly accelerates pathological aggregation of Tau, but it also 

exacerbates the neurotoxicity of the resultant NFTs (Hu et al., 2017). The increase of 

intracellular Zn2+ levels, necessary for the initiation of the abovementioned mechanisms, can 

be achieved either by influx of extracellular Zn2+ through voltage-gated calcium channels or 

Ca2+ and Zn2+ permeable AMPARs lacking the GluA2 subunit, or by recruitment of Zn2+ from 

intracellular stores (Granzotto, Canzoniero and Sensi, 2020). The latter is often a consequence 

of Ca2+ influx, which can additionally be caused by overactivation of the NMDARs – one of 

the main causes of excitotoxicity (Zhou et al., 2013). Aβ oligomers have been shown not only 

to directly activate NMDARs (Texidó et al., 2011), but also potentiate the release of glutamate 

(Kabogo et al., 2010), which would further activate NMDARs and Ca2+ and Zn2+ permeable 

AMPARs (especially with inhibitory neuromodulation of Zn2+ weakened due to sequestration 

by Aβ). The neurotoxicity of the latter mechanism of Aβ action has been confirmed in neuronal 
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cell lines and hippocampal slices (Alberdi et al., 2010). Therefore, based on the results of basic 

research, it is possible that in humans Zn2+-induced oligomerization of Aβ can lead to extra- 

and intra-cellular Zn2+ dyshomeostasis and cause both of the pathophysiological changes that 

define AD.  

To date, there is only one real-time imaging investigation of human brain Zn2+ levels in 

AD (DeGrado et al., 2016). PET imaging of Zn2+ clearance (63Zn-zinc citrate), amyloidosis 

(11C-Pittsburgh Compound B) and neurodegeneration (18F-fluorodeoxyglucose) revealed 

slower 63Zn clearance in AD patients compared to healthy controls, which correlated with 

amyloidosis and neurodegeneration measures in cortical regions commonly affected by AD 

(DeGrado et al., 2016). It has to be noted, that the differences in clearance rates were not 

accompanied by differences in total 63Zn uptake (ibidem), which could explain the negative 

results of a meta-analysis of postmortem Zn2+ levels comparisons in the neocortex of AD and 

healthy individuals (Schrag et al., 2011), as well as the substantial heterogeneity of results of  

studies of postmortem brain Zn2+ levels in AD in general (Portbury and Adlard, 2017). DeGrado 

et al. study highlights the possibility that Zn2+-Aβ interaction may exert its pathological effect 

on neurons at a short timescale – a property that could explain the long development of AD 

neuropathology and symptoms. Moreover, if episodic memory was among functions 

physiologically dependent on synaptic Zn2+, the fast dynamic of Zn2+-Aβ interaction could 

explain why this particular mnemonic function is affected at a very early phase of AD 

development.  

2. Episodic memory 

Memory can be broadly defined as a property of living systems to acquire or create, store, 

use and dispose of information about their internal and/or external environment. A framework 

commonly used to categorize animal memory subsystems differentiates explicit (Schacter, 

1987) or declarative (Squire, 1992) memory from implicit (Schacter, 1987) or non-

declarative/procedural (Squire, 1992) memory. Declarative memory can be further subdivided 

into semantic and episodic information systems (Tulving, 1983). Semantic information is 

concerned with facts and rules that are devoid of the context in which they were 

acquired/encoded, and strong associations exist between the units of information (ibidem). In 

contrast, episodic memories convey information about single experiences and the context in 

which they were encoded, and the associations between single memories have to be weaker 

(ibidem). Within a single episodic memory, strong associations between three types of 

information have to be made: 1) the content of an event, termed “what?”; 2) the spatial location 
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of the event, termed “where?”; and, the temporal sequence of different events, termed “when?”. 

It is assumed that successful inhibition of interference (i.e. pattern separation) between similar 

spatial and/or temporal aspects of different events is required for both encoding and retrieval of 

an episodic memory, and that such memories must be encoded rapidly (Kesner, 2016; Sugar 

and Moser, 2019). An opposite process of detecting similarity between a sensory cue and stored 

memory of an episode (i.e. pattern completion) is additionally required for retrieval (ibidem). 

These processes were first postulated by computational models of the hippocampus – a structure 

which later was experimentally confirmed to be critically involved in pattern separation and 

completion (Yassa and Stark, 2011). 

Neuroanatomy of episodic memory 

Neuroimaging studies in humans consistently report, that encoding and consolidation of 

episodic memories is associated with network activity of the following areas: hippocampus, 

parahippocampal gyrus, retrosplenial/posterior cingulate cortex and medial prefrontal cortex 

(mPFC) (Dede and Smith, 2016). Additionally, connectivity between these structures changes 

with the age of episodic memory. Damage of either hippocampus, parahippocampal gyrus or 

retrosplenial/posterior cingulate cortex in humans leads to temporally-graded retrograde 

amnesia (ibidem) i.e. a condition, where older memories are still retrievable, while fresh 

memories are not; and, anterograde amnesia (ibidem), where new episodic information is 

quickly forgotten/is not consolidated into long-term memory. The encoding deficits are global 

when hippocampus is affected, and restricted to visual aspects of memory in case of 

retrosplenial cortex (ibidem). The activity of all three structures is also necessary in tasks that 

demand pattern separation, further supporting their role in rapid encoding of episodes (Leal and 

Yassa, 2018). The mPFC is responsible for self-referential aspect of episodic memory (Dede 

and Smith, 2016) and pattern completion in humans (Leal and Yassa, 2018), while in rodents it 

plays a more executive role (ex. working memory, decision-making) (Kesner, 2016).  

Global deficits in encoding episodes after hippocampal damage are in line with 

neuroanatomical wiring of the hippocampus, which has bidirectional connections with the 

polymodal association areas of the frontal, temporal and parietal lobes (Schultz and Engelhardt, 

2014). In primates these connections constitute the majority of corticohippocampal 

connections, while in rodents most of the connected cortical areas are primary and convey less 

processed, unimodal information (Lisman and Redish, 2018). Rodent hippocampus is also 

better interconnected with its contralateral counterpart via commissural/associational fibers 

than primate hippocampus (Schultz and Engelhardt, 2014). These anatomical differences 
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highlight the evolutionary change from subcortical to cortical processing in primates and 

humans compared to rodents (Lisman and Redish, 2018). Among the subcortical structures 

reciprocally connected with the hippocampus are: 1) the amygdaloid complex; 2) septal nuclei; 

3) the striatum; 4) hypothalamus (via mammillary bodies); 5) and thalamus (Schultz and 

Engelhardt, 2014). Hippocampus also receives monoaminergic modulatory projections from 

the raphe nuclei (serotonin), locus coeruleus (noradrenalin) and ventral tegmental area 

(dopamine) (ibidem), as well as cholinergic and GABAergic neuromodulation from the medial 

septal nucleus that plays a key role in keeping the theta rhythm (Tsanov, 2015). The 

noradrenergic, dopaminergic and cholinergic modulation of hippocampal functions is reduced  

 

Fig. 2. Simplified representation of the connections (black arrows) between structures that initially 

process the 3 key components of episodic memory i.e. “what?”, “when?” and “where?”, before 

conveying this information to hippocampus proper (CA3 and CA1). Highlighted in green are the 

structures implicated as crucial for episodic memory in human studies. The information that CA1 

integrates all 3 components comes from rodent studies (Chao et al., 2017; see text for explanation). 

AMG - amygdala; CA1 - cornu ammonis 1 field; CA3 - cornu ammonis 3 field; DG - dentate gyrus; LEC 

- lateral entorhinal cortex; MEC - medial entorhinal cortex; PHC - parahippocampal cortex; PRC - 

perirhinal cortex; RS - retrosplenial cortex; Sub - subiculum; lOFC - lateral orbitofrontal cortex; mPFC 

- medial prefrontal cortex. Connectivity pattern in the figure drawn based on: Ritchey, Libby and 

Ranganath, 2015. 
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with age and may underlie the decline in episodic memory observed in older animals and 

humans (Leal and Yassa, 2015). 

Since the seminal work of O’Keefe and Nadel, who discovered neurons firing in 

correlation with the position of a rat in an open field (i.e. “place cells”), the hippocampus was 

endowed with the role of providing a spatial cognitive map for episodic memories (O’Keefe 

and Nadel, 1978). An important development of this idea came with the discovery of neurons 

in the medial entorhinal cortex, the activity of which covered the whole open field in equal 

intervals. When treated as vertexes and connected, the locations of a neuron’s activity created 

a triangular grid (Sugar and Moser, 2019). Together, “place cells” and “grid cells” provide an 

efficient system of coding the “where?” component of episodic memory. More recent studies 

revealed, that both types of space-encoding neurons are capable of coding relative time on a 

short timescale i.e. the progression of events within an episode (Sugar and Moser, 2019). 

Moreover, population activity of cells in the CA1 area of the hippocampus and around 20% of 

neurons in the lateral entorhinal cortex have been shown to code time at longer timescales (ex. 

between episodes) and provide time tags at the whole temporal spectrum (i.e. within and 

between episodes), respectively (ibidem). Apart from participating in coding the “when?” 

component of episodic memory, the lateral entorhinal cortex together with perirhinal cortex 

transmits sensory cues to the hippocampus, which constitute the “what?” component (ibidem). 

The different computations performed within the hippocampus seem segregated between 

its dentate gyrus, CA3 and CA1 fields that span the coronal plane of the structure (Figure 3). 

The dentate gyrus, which receives input from the entorhinal cortex via perforant pathway (PP), 

performs pattern separation, which relies on generation of new neurons, as well as the sparsity 

of mossy fibers (MF) projections of dentate gyrus to the CA3 field (Yassa and Stark, 2011). 

The CA3 field performs both pattern separation and completion depending on how big a 

difference in the sensory cues was detected, with smaller differences biasing the network 

towards pattern completion, while pattern separation being more probable in case of bigger 

differences (ibidem). Pattern completion relies on the auto-associative connections of the CA3 

neurons, which become strengthened with age in rodents (Leal and Yassa, 2015). This 

mechanism may underlie the mnemonic rigidity of both aged rodents and humans, who require 

larger dissimilarity between sensory cues for successful pattern separation to occur, and display 

a tendency towards pattern completion in their CA3 fields (ibidem). Moreover, the mossy fibers 

– CA3 (MF-CA3) pathway is necessary for encoding, while a direct projection from the 

entorhinal cortex via PP to the CA3 is responsible for retrieval (Yassa and Stark, 2011). The 
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latter pathway has been shown to be weakened with age in both rats and humans (Leal and 

Yassa, 2015). Apart from temporal coding at longer timescales mentioned above, the CA1 field: 

switches between encoding and retrieval by comparing the Schaffer collaterals (SC) inputs from 

the CA3 area with the direct PP projections from the entorhinal cortex; and, does not exhibit 

neither pattern separation nor completion (Leal and Yassa, 2018). With respect to aging, the 

neurons in the CA1 area are more susceptible (than CA3 neurons) to synaptic plasticity 

dysfunctions, that cause age-related memory encoding impairments (Leal and Yassa, 2015). 

Zinc regulates synaptic plasticity in both areas (Pan et al., 2011; Anderson et al., 2015), albeit 

by different mechanisms, which will be shortly discussed in the next section (for a more 

thorough review, see: Rychlik and Mlyniec, 2019). 

 

 

Fig. 3. Structure-function mapping of hippocampal areas and their connections. Black arrows: perforant 

pathways; blue arrows: glutamatergico-zincergic projections, mossy fibres (DG-CA3) and Schaffer 

collaterals (CA3-CA1); red arrow: non-zincergic Schaffer collaterals; green arrow: associative 

connections. EC – entorhinal cortex; DG – dentate gyrus; CA3 - cornu ammonis 3 field; CA1 - cornu 

ammonis 1 field. 

 

Recently, a set of experiments utilizing a behavioral object-recognition task for rodents, 

capable of simultaneous measurement of spatial and temporal components, as well as their 

integration into ELM (for a detailed description of the test, see: the Behavioral tests section of 

this work; for a review of the experiments, see: Chao et al., 2020), elucidated the role of 

hippocampal fields in rodent ELM. Disconnection of the CA3 area and mPFC impaired the 
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“where?” and “when?” components, as well as their integration (De Souza Silva et al., 2016), 

while disconnection of the CA1 area, which is downstream to CA3 in information processing, 

disrupted only spatiotemporal integration, sparing the temporal and spatial components (Chao 

et al., 2017). Since spatiotemporal integration component measured with this task can be 

present in rodents regardless of the other two (Belblidia et al., 2015), the CA1-mPFC seems to 

be responsible for higher order interaction between fundamental aspects of ELM, which are 

processed within the CA3 area. As previously stated, CA1 field is also the area more prone to 

abnormal LTP as a result of aging, which is one of the factors behind episodic memory decline 

in humans. It also has to be noted that the disconnection of either CA1 or CA3 areas had no 

effect on object novelty recognition, temporal order and spatial location memory, when these 

functions were measured separately (De Souza Silva et al., 2016; Chao et al., 2017). 

Lastly, it is worth mentioning the differences in precision and type of material encoded 

by the anterior/ventral and posterior/dorsal segments of the hippocampus. In both rodents and 

humans, the anterior/ventral section engages in coding more robust and general information, 

while the posterior/dorsal section is concerned with fine visuospatial details of an event 

(Sekeres, Winocur and Moscovitch, 2018). This can be exemplified by the size of place fields 

of place cells in both sections – place cells in the anterior part cover whole environments, 

whereas place cells in the posterior part display the “classic” localized activity (Sugar and 

Moser, 2019). The proportion of both sections differs considerably between rodents and 

humans. In the latter species the anterior part became enlarged, possibly in order to handle the 

higher-order information it receives from polymodal association cortical areas (Lisman and 

Redish, 2018). However, episodic memories may critically depend on the posterior section in 

humans, as evidenced by the association of a decline in episodic memory with lower posterior 

hippocampal volume in MCI individuals with AD biomarker profile (A+T+(N+)) compared to 

MCI individuals with Alzheimer’s pathologic change profile (A+T-(N+)) (McCollum et al., 

2021). 

The role of zinc in the hippocampus 

A wealth of evidence gathered over the span of last 20 years strongly supports the idea 

that, on top of being an allosteric neuromodulator, synaptic Zn2+ acts as a classic 

neurotransmitter (McAllister and Dyck, 2017; Aizenman, 2019). These include: 1) presence of 

chelatable Zn2+ in presynaptic terminals; 2) a mechanism for transporting Zn2+ into synaptic 

vesicles via the ZnT3 transporter, the deletion of which causes a complete loss of synaptic Zn2+; 

3) the release of Zn2+ from presynaptic neurons in an activity-dependent manner, and the ability 
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of synaptic Zn2+ to cross the synapse and interact with receptors of the postsynaptic membrane; 

4) the ability of synaptic Zn2+ to specifically and directly activate a metabotropic zinc-sensing 

GPR39 receptor; 5) the removal of synaptic Zn2+ from the synaptic cleft via ZIP transporters 

into astrocytes, pre- or post-synaptic neurons, and diffusion of Zn2+ to extra-synaptic sites, 

which results in termination of the activity of Zn2+ in the synapse (summarized in: Aizenman, 

2019). 

All of the abovementioned mechanisms have been proven to operate in hippocampal MF-

CA3 and SC-CA1 glutamatergic synapses. It is also known, that – at least in the murine 

hippocampus - synaptic Zn2+ is present at all of the MF-CA3 synapses and at around 45% of 

the SC-CA1 synapses (Sindreu et al., 2003). Moreover, while all of the pyramidal neurons of 

the CA3 field express AMPARs at similar levels, the postsynaptic sites of non-zincergic 

synapses of the CA1 area express ~40% more AMPARs than postsynaptic sites of CA1’s 

zincergic synapses (ibidem). Since Zn2+ inhibits postsynaptic AMPAR currents after a single 

presynaptic action potential (Kalappa et al., 2015), non-zincergic synapses of the CA1 field 

could be responsive to stimuli of lower intensity than zincergic synapses, which would provide 

a mechanism for segragation of inputs from the CA3 to the CA1 areas of the hippocampus 

(Figure 3). 

Another mechanistic difference supported by synaptic Zn2+ in the MF-CA3 and SC-CA1 

synapses is directly linked to the physiological basis of learning and memory. As mentioned in 

the previous section, synaptic Zn2+ participates in synaptic plasticity by influencing LTP (Pan 

et al., 2011; Vergnano et al., 2014; Kalappa et al., 2015). In general, the strengthening of a 

synapse via LTP can be divided into NMDAR-dependent/associative and NMDAR-

independent/non-associative. The former mechanism requires the presynaptic neuron to fire 

before the postsynaptic neuron, and is utilized in SC-CA1 synapses (Lüscher et al., 2012), while 

the latter is independent of the timing of these events and is characteristic of MF-CA3 synapses 

(Nicoll and Schmitz, 2005). Postsynaptic NMDARs are critical for associative LTP, because 

these ion channels are sensitive to both binding of their primary ligand (glutamate) and 

depolarization of postsynaptic membrane caused by activation of another glutamate receptor – 

the AMPAR. Simultaneous occurrence of both events causes an expulsion of Mg2+, which 

blocks the NMDAR channel, and subsequent influx of Ca2+ into the postsynaptic neuron. This 

in turn sensitizes the postsynaptic cell to glutamate via recruitment of AMPARs into the 

postsynaptic membrane. Following a series of action potentials, a phasic rise of Zn2+ in the 

synapse inhibits the GluN2A-containing NMDARs, and interferes with associative LTP 

induction at MF-CA3 (Pan et al., 2011; Vergnano et al., 2014) and SC-CA1 (Vergnano et al., 
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2014) synapses. Moreover, synaptic Zn2+ is necessary for non-associative LTP at MF-CA3, 

since lack of the ion blocks an increase of neurotransmitters’ release probability from 

presynaptic terminals (Pan et al., 2011) – the main mechanism behind this form of synaptic 

plasticity. Therefore, at MF-CA3 synapses synaptic Zn2+ is critical for a shift towards non-

associative LTP and its expression, while at SC-CA1 synapses the ion may further segregate 

the inputs from CA3, by demoting associative LTP at zincergic subpopulation of these 

projections. 

The functional consequences of the latter mechanism remain to be elucidated, but it is 

known that optimal influx of synaptic Zn2+ into the postsynaptic neuron is a crucial component 

of LTP at SC-CA1 synapses (Takeda et al., 2015), while LTP at PP-CA1 synapses requires the 

release of Zn2+ from intracellular stores (Tamano, Nishio and Takeda, 2017). Chelation of the 

ion at either SC-CA1 or PP-CA1 synapses disrupts both LTP and the behavioral expression of 

memory (object novelty recognition) in rats (Takeda et al., 2015; Tamano, Nishio and Takeda, 

2017). Zn2+ also mediates rapid encoding of episodic-like contextual fear memory at the MF-

CA3 synapses (Ceccom et al., 2014), and its function is restricted to the CA3 pyramidal 

neurons, as the ion has no effect on the MF-CA3 interneurons (Pan, Zhao and McNamara, 2019) 

or on the plasticity of commissural/associational fibers of CA3 fields (Lu et al., 2000). This 

means that within the rodent CA3 area, Zn2+ is necessary for fast learning to occur, but it might 

be less important for the precision of memory (which in rodents depends on MF-CA3 

interneurons: Ruediger et al., 2011) and for pattern completion or coding of the temporal order 

of episodes (which in rodents depend on CA3 commissural/associational fibers: Inoue and 

Watanabe, 2014; Cox et al., 2019). Synaptic Zn2+ released from MFs also regulates LTP of 

pyramidal neurons that receive PP inputs, by facilitating their intrinsic excitability following 

Zn2+’s heterosynaptic influx (Eom et al., 2019). Therefore, within the CA3 field Zn2+ should 

participate in pattern separation during MF-dependent encoding, but also influence the PP-

dependent retrieval, by strengthening time-locked activation of MF and PP inputs to CA3.  

A recent in vivo study of juvenile rats showed that early-life Zn2+ deficiency causes an 

impairment, while Zn2+ supplementation causes an improvement of object novelty recognition, 

and that this corresponds to hippocampal GPR39 downregulation and upregulation, 

respectively (Chen et al., 2019). GPR39 is responsible for ~25% of the increase of intracellular 

Ca2+ levels due to metabotropic receptors’ activation of CA3 pyramidal neurons in response to 

MF stimulation (Besser et al., 2009). This leads to ERK1/2 phosphorylation and affects the 

intrinsic excitability of neurons by upregulating KCC2, which maintains the inhibitory effect 

of the GABAA receptor (Chorin et al., 2011). Successful postsynaptic inhibition of hippocampal 
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pyramidal neurons is necessary for the preservation of memory in aging animals (Tran, 

Gallagher and Kirkwood, 2018), and therefore the inhibitory action of GPR39 may play a role 

in senescence-related memory maintanance or impairment. As previously mentioned, Aβ 

attenuates the ligand-mediated activity of GPR39 in hippocampal neurons (Abramovitch-

Dahan et al., 2016), and exacerbates the aging-related overexcitability of these cells. Moreover, 

the elderly aged >60 have a Zn2+ intake of less than 50% of their daily allowance, due to 

senescence-related mechanisms (Mocchegiani et al., 2013). However, because of the 

neurotoxic effects of Zn2+-Aβ interaction described in the Zinc and Alzheimer’s disease section 

of this work, as well as the complex effects of the ion on hippocampal neurons, Zn2+ 

supplementation in individuals with Alzheimer’s pathologic change might not be an optimal 

solution.  

Lastly, the brain-derived neurotropic factor (BDNF) is a protein with crucial roles in 

neuronal survival, synapse formation and synaptic plasticity, and is consistently found to be 

decreased in serum (Ng et al., 2019; Xie et al., 2020) and cerebrospinal fluid (Du et al., 2018) 

of AD patients at advanced stages of the disease. A similar tendency is found in postmortem 

studies of AD hippocampus and neocortex, although the results are less consistent (Du et al., 

2018). For some time it was assumed that the Val66Met polymorphism in the Bdnf gene could 

be a risk factor for AD, but a recent meta-analysis, which included potential confounding factors 

in the model, found no association in this regard (Zhao et al., 2018). It is therefore probable that 

the decrease of BDNF levels, rather than its genetic malfunction, is an element of AD 

neuropathology cascade. Zn2+ regulates BDNF levels in the hippocampus by: 1) promoting the 

maturation of the protein through activation of MMP-9 metalloproteinase (Yoo et al., 2016); 

and, 2) promoting the expression of the Bdnf gene (Sowa-Kućma et al., 2008), possibly through 

the activation of the cAMP response element binding (CREB) transcription factor by a GPR39-

dependent signaling cascade (Mlyniec et al., 2015). The first mechanism depends on 

intracellular Zn2+, and – paradoxically – genetic depletion of synaptic Zn2+ increases 

intracellular Zn2+ levels, enhances MMP-9 activity and BDNF expression and maturation (Yoo 

et al., 2016); and, in vivo studies suggest that this effect may be restricted to females (McAllister 

et al., 2020). The second, GPR39-dependent mechanism, possibly relies on the constitutive 

activity of the receptor, as no effect on BDNF levels in the hippocampus was found when 

GPR39 was chronically activated with its agonist (Starowicz et al., 2019). Synaptic Zn2+ can 

still modulate BDNF signaling at the MF-CA3 synapse by direct transactivation of the tyrosine 

receptor kinase B (TrkB) (Huang et al., 2008), which preferentially binds BDNF as an agonist, 

but the ion does not affect the levels of TrkB in the hippocampus (McAllister et al., 2020). 
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In summary, a multitude of neurobiological mechanisms support a claim that synaptic 

and intracellular Zn2+ play a vital role in the hippocampus. Behaviorally, these translate to 

modulation of spatial learning and memory (Adlard et al., 2010), object novelty recognition 

(Takeda et al., 2015; Chen et al., 2019) and contextual fear conditioning (Ceccom et al., 2014) 

in rodents, but the role of zincergic neurotransmission in a pirmary hippocampal function of 

episodic memory and ELM is yet to be studied.  

Aims of the study 

 The general aim of these studies was to determine the role of GPR39 in hippocampus-

dependent memory functions. The first aim of this work was to establish whether GPR39 

modulates ELM in rodents, and if its action is specific for this type of declarative memory. 

Secondly, the possibility of pharmacological modulation of GPR39-dependent types of memory 

was explored, and whether the receptor was necessary for the procognitive effects of a drug 

used in AD pharmacotherapy. Lastly, the effects of pharmacological manipulations of GPR39 

on cognitive deficits caused by neuropathological changes observed in the course of AD (i.e. 

BDNF deficits) were explored. Significant behavioral findings were followed by ex vivo studies 

of hippocampal mRNAs related to excitatory/glutamatergic or inhibitory/GABAergic 

neurotransmission, signaling pathways, oxidative stress and neuroprotection. Hippocampal 

levels of selected proteins were also studied. 

 

Materials and Methods 

1. Animals 

Two types of genetically modified C57BL/6J mice were used in the experiments: GPR39 

knockout (KO) and BDNF heterozygotes (HET), with their age-matched WT littermates that 

served as control animals for the effects of genetic manipulations. During the experiments, all 

animals were housed in the Animal Facility of the Faculty of Pharmacy, Jagiellonian University 

Medical College (JUMC) in Cracow, Poland in a temperature- (22±1°C) and humidity- 

(55±10%) controlled air-conditioned room under a 12-hour light/dark cycle (lights on at 8.00 

AM). Mice were maintained on a standard breeding-class diet (Altromin 1314, Germany) with 

a zinc content of 85 mg/kg of dry chow. Food and water were provided ad libitum. The status 

of animals was assessed daily based on standard behavioral and physiological health markers. 

After behavioral testing all animals were sacrificed by decapitation and their hippocampi 
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harvested using standard isolation procedures in order to assess the levels of mRNA and 

proteins of selected targets. Isolation was performed either 24 h (Experiments 1, 2, 8, 9) or 7 

days (Experiment 5) after the last test. All of the experimental procedures were conducted 

according to the National Institute of Health Animal Care and Use Committee guidelines and 

approved by the 1st Local Ethical Committee in Cracow. 

GPR39 KO mice 

The GPR39 KO mice were originally generated by Deltagen, Inc. by means of 

homologous recombination, which exchanged the nucleotides 278 – 647 of the open reading 

frame in the first exon of the Gpr39 gene (Holst et al., 2009). These mice were bred in the 

Animal Facility of the Faculty of Pharmacy, JUMC. The litters of HET breeding pairs, which 

consisted of WT, GPR39 KO and HET littermates, were genotyped by means of standard PCR 

methods, with the following primers used to amplify DNA fragments isolated from a tail 

biopsy: forward KO – 5' TACCAAGGTCCTCGCTCTGT; reverse KO – 5' 

TGAACTCCGGGTTTCACTTC; forward WT – 5' TCATCGATCACAGCCATGTT; reverse 

WT – 5' ACTCGATACCCATGGCAAAG. After reaching puberty (P25-30), all animals were 

single-housed in transparent T-2 type cages without environment enrichment (fresh sawdust 

and nesting material were provided weekly), in order for the housing conditions to remain 

consistent with our previous studies. At the time of experiments, mice weighed 30-50 g and 

were either 4–7, 11–12 or 18–20 months old, representing three developmental stages: adult, 

middle-aged and old, respectively. Both male and female GPR39 KO and WT mice were used 

in the experiments. 

BDNF HET mice 

The use of BDNF HET, as opposed BDNF KO mice, was based on the fact that 

constitutive KO of the Bdnf gene results in severe coordination and motoric deficits, along with 

sensory ganglia degeneration and high mortality rates i.e. most of such animals fail to live 

through the second postnatal week (Ernfors, Lee and Jaenisch, 1994). The BDNF HET mice, 

which retain normal neurodevelopment and lifespan, while exhibiting ~50% lower expression 

of BDNF, were generated using the CRISPR/Cas9 method and bred in the Mouse Genome 

Engineering Facility, International Institute of Molecular and Cell Biology in Warsaw, Poland. 

In order to truncate all known Bdnf transcripts and prevent successful BDNF protein translation, 

a knock-in strategy was used. A KO cassette consisting of 3xSTOP codons and a BamHI 

restriction site was inserted in the open reading frame of exon 2 of the Bdnf gene.  The following 
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primers were used to amplify DNA fragments isolated from either tail or ear biopsy using 

standard PCR: forward - 5' TCCCCGAGAAAGAAAGTTC;  reverse - 5' 

TAGACATGTTTGCGGCATC. After arriving at the Animal Facility of the Faculty of 

Pharmacy, JUMC, all animals were single-housed in transparent T-3 type cages with 

environment enrichment (wooden blocks, paper tunnels). At the time of experiments the mice 

weighed 25-40 g and were 3–5 months old. Only male BDNF HET and WT mice were used in 

the experiments. 

2. Behavioral tests 

All behavioral procedures were performed during the light phase of the light/dark cycle, 

between 9.00 AM and 5.00 PM. We conducted the tests in a space openly connected to the 

habitat area, behind a partition wall which separated the experimental area from the cage racks. 

The experimental area had a separate light source independent of the light/dark cycle. The 

experiments were designed so that mice representing different independent variables (i.e. age, 

genotype, treatment) were evenly distributed throughout the workday and each individual 

animal was handled/tested at the same time(s) of the day. Prior to the experimental procedures, 

all animals were habituated to the experimenters for at least 7 days in order to reduce stress to 

a minimum. A habituation session consisted of handling for 2 minutes and – in the case of mice 

undergoing intraperitoneal (ip) injections – additionally performing a standard dorsal grip and 

gently touching the ventral side of the mouse. For acute drug treatments, 2 mock saline 

injections were performed over the span of 2 days preceding the first testing day. White noise 

was played during all of the tests to occlude background sounds. In order to prevent olfactory 

distractors/cues, the boxes and objects used for the ELM test and the rotarod apparatus were 

cleaned with 10% alcohol (Extance and Goudie, 1981) after each trial and dried with paper 

towels. 

Episodic-like memory (ELM) test 

The general concept of the “what-where-when” ELM test was described and validated by 

Dere et al. (Dere, Huston and De Souza Silva, 2005b, 2005a). The task combines spatial 

(Ennaceur, Neave and Aggleton, 1997) and temporal (Mitchell and Laiacona, 1998) versions 

of the object novelty recognition test into one task consisting of 3 stages (5 minutes per stage, 

Fig. 4). At each of the stages, mice are presented with 4 objects located beside the walls of an 

open-field box. Two types of objects (A and B, in quadruplicate) are used in the task. During 

the 1st (exposition) trial, a mouse is allowed to freely explore 4 copies of object A randomly 
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placed at 4 of the 8 possible locations in the box. Following an inter-stage interval (ISI), the 

animal explores 4 copies of object B positioned in a different spatial configuration (2nd trial). 

After another ISI, a test (3rd) trial is performed, where 2 copies of objects A (old objects) and 

B (recent objects) are presented together. One copy of each object type is shifted to a location 

in which it was not encountered in its original exposition trial (displaced objects), while the 

other copy remains in its original location (stationary objects). Thus, there are 4 categories of 

objects in the test trial: old stationary (OS), old displaced (OD), recent stationary (RS) and 

recent displaced (RD). Time (s) spent exploring each of the objects is recorded, and parameters 

(PRs) measuring the temporal order (PR1), spatial location (PR2) and integrated spatiotemporal 

(PR3) memory are calculated according to the following formulae: 

𝑃𝑅1 =
𝑂𝑆

𝑂𝑆+𝑅𝑆
 ;  𝑃𝑅2 =

𝑅𝐷

𝑅𝐷+𝑅𝑆
 ;  𝑃𝑅3 =

𝑂𝐷

𝑂𝐷+𝑂𝑆
 

We conducted the ELM test in 2 sets of white boxes (30 x 30 x 40 cm) with 2 visual 

spatial cues (a black square and a cross) at the top of adjacent walls, under dim, indirect lighting 

(8 lux at the center of the box). Independent variables were always counterbalanced between 

the box sets, as was the order of types of objects presented in the first 2 exposition trials within 

a box set. Over the course of 5 days preceding the ELM test, mice were habituated to their 

respective open-field boxes. A habituation session consisted of placing an animal in an empty 

box and allowing free exploration for 5 minutes. On the fifth day a single object different from 

the ones used in the ELM task was presented in the center in order to reduce anxiety during 

testing the following day. 

Objects had similar height (~12 cm), but differed in shape, color and texture, and were 

immobilized with double-sided tape in order to prevent mice from displacing them. Pilot 

experiments were conducted in order to confirm that mice were able to discriminate between 

the objects and did not have innate preferences for any particular object type. Two types of 

objects were used in experiments 1, 2, 8 and 9, and 4 types in experiments 3–7. 

The ISI was set to 60 minutes in the standard ELM test version. In the consolidation 

interference (CI) version an ISI of 5 minutes was used. A pilot experiment of the ELM CI 

version confirmed that 9–10-month-old male mice do not develop ELM when the ISI is reduced 

to 5 minutes (one-sample t-tests, PR1, t(7) = 0.56, NS; PR2, t(7) = 0.03, NS; PR3, t(7) = 0.36, NS). 

The same animals displayed spatial (one-sample t-test, PR2, t(7) = 2.4, p = 0.048) and integrated 

spatiotemporal (one-sample t-test, PR3, t(7) = 2.77, p = 0.028) components of ELM under 60-
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minute ISIs, with a trend towards a significant difference in the spatiotemporal component 

between testing conditions (paired-samples t-test of PR3, t(7) = 2.12, p = 0.072). 

The behavior was recorded for later analysis by cameras (DMK 22AUC03, 

ImagingSource, Germany or HD LiveCam, Creative!) suspended above the open-field boxes 

and connected to a laptop computer equipped with Any-maze tracking software (Stoelting, UK). 

Exploration time (s) was automatically registered when the snout of an animal entered a 2-cm 

zone surrounding an object, with the exception of events when this occurred incidentally while 

a mouse was passively sitting next to the object, in which case a manual correction was made. 

Whenever a mouse failed to explore all objects during the first 2 exposition trials or whenever 

its total exploration time in a trial was lower than 5 s, it was excluded from the analysis. 

 

 

Fig. 4. ELM test design. In the consolidation interference version of the test a 5 min inter-stage interval (ISI) is 

used instead of 1h ISI. 

 

Morris water maze spatial memory (SM) test 

The Morris water maze (MWM) test was performed according to a previously described 

protocol (Vorhees and Williams, 2006) in its basic form – that is, only learning (over 5-7 days) 

and long-term memory 24 h after the last training day were assessed. The general aim of the 

task is for an animal to learn and remember the location of an escape platform hidden in a 

circular pool filled with water. In order to navigate itself, the animal has to use distal spatial 

cues, since the interior of the pool (i.e. the wall and water surface) is uniform in all directions. 

We used a circular water tank (diameter: 105 cm at water surface level) made of black 

plastic, and a circular PVC platform (diameter: 9 cm) covered with anti-skid material for better 

traction. The ratio of search area to the platform area was 135:1. The pool was divided into 

virtual quadrants, with the platform submerged 1 cm below water surface in the middle of the 

SE quadrant. The water (21–22℃) was colored with white non-toxic tempera paint (Primo, 

Italy). Distal visual cues were placed outside the pool in the N, E, S and W directions to aid 

navigation. A source of light from the side of the pool was used to avoid reflections on the 
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water, and a camera (DMK 22AUC03) connected to a laptop computer was suspended above 

the pool for online analysis of animals’ behavior. The experimenter was not present during 

swimming, and monitored mice on the computer screen behind a partition wall. 

Mice were trained for 5-7 days (4 trials per day). Each trial (60 s) started when a mouse 

was gently placed in the water facing the pool wall, and was terminated when the animal 

mounted the platform. In the event of a failed trial, mice were directed to the platform by an 

experimenter. Animals were allowed to remain on the platform for 15 s after a trial. For each 

mouse, we used the following start positions in a pseudorandom order that changed between 

days: N, W, NE, SW. Mice remained in their home-cages during the time needed for all other 

animals to complete a particular trial. Non-performers were excluded from analyses. These 

mice were defined as: not searching for the platform for 3 days in a row, while passively floating 

in the pool and failing to find the platform. Speed, cumulative distance from the platform and 

latency to reach the platform were measured during the training sessions. 

The probe trial (30 s) was conducted 24 h after the last training trial. Mice were placed in 

a novel NW start position in the pool devoid of the platform. Cumulative distance from the 

former location of the platform, percentage of time spent in the SW (platform) quadrant, and 

number of platform zone crossings were measured to assess long-term spatial memory (SM). 

 

Rotarod test of procedural memory (PM) 

To assess procedural memory (PM), we used a version of the accelerating rotarod test, 

which was previously described by Dere et al. (Dere et al., 2008). Standard rotarod equipment 

(Panlab/Harvard Apparatus, LE8200, Spain), with mechanical fall sensors and a rubber-covered 

rotating rod (diameter: 3 cm) elevated 20 cm above the sensors, was set to accelerate from 4 to 

40 rpm in 5 minutes. Mice were first trained for 3 days (3 trials per day) by placing them on the 

rod and allowing to walk until they fell. If an animal failed to walk, and fell immediately, the 

timer was reset and the mouse was placed back on the rod for up to 5 times in one trial. In 

between the trials, mice stayed in their home cages for the time necessary to complete the task 

by the remaining animals. After a 4-day retention-delay, mice were given another 3 trials, and 

time (s) to fall was measured. PM was evaluated by comparing mean time to fall during the 

third day of training with the mean time to fall after 4 days of retention. 
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3. Ex vivo molecular studies 

Quantitative Real-Time Polymerase Chain Reaction 

 One of the harvested hippocampi was placed in RNAlater stabilizing solution 

(Invitrogen, USA) immediately after isolation and stored on ice until frozen in -20℃. The RNA 

was isolated from samples with the use of TRIzol method. In short: samples were homogenized 

mechanically (Tissue Ruptor) and chemically (20 min. of incubation in 1mL TRI reagent); 

phases separated by addition 0.2 mL of chloroform and centrifugation; RNA was precipitated 

by addition of 1:1 of isopropyl alcohol to water phase and centrifugation; RNA pellet was 

washed with 95% ethyl alcohol; and, redissolved in RNase-free water. Subsequently, the RNA 

containing solution was: purified from any residual genomic DNA with Turbo DNA-free kit  

(Invitrogen, USA); mRNA concentration was measured with Quant-iT RiboGreen kit 

(Invitrogen, USA) and normalized to 1 ng/μL; and, reverse-transcribed to complimentary DNA 

with High-Capacity cDNA Reverse Transcription kit with RNase inhibitor (Applied 

Biosystems, USA). All kit-based procedures were performed according to the manufacturers’ 

instructions. 

 The quantitative real-time polymerase chain reaction (qRT-PCR) measurement of target 

mRNA was performed with the use of TaqMan probes and Fast Advanced Master Mix (Applied 

Biosystems, USA) in a QuantStudio 3 Real-Time PCR System (Applied Biosystems, USA). 

Relative expression was measured in all experiments in a duplex setup, with the second target 

in each sample being Actb (cat. no. Mm02619580_g1), which served as a reference gene and 

was verified to be stable across experimental groups in separate experiments. For large 

experimental groups a subset of up to 11 samples/animals was used, based on behavioral tests’ 

data, so that the mean and variance of subsets were representative of these data distribution 

estimators in experimental groups. The targets of interest were functionally associated with: 

excitatory/glutamatergic neurotransmission (Gria1 (cat. no. Mm00433753_m1), Gria2 (cat. no. 

Mm00442822_m1), Gria3 (cat. no. Mm00497506_m1), Gria4 (cat. no. Mm00444754_m1), 

Grin1 (cat. no. Mm00433790_m1), Grin2a (cat. no. Mm00433802_m1), Grin2b (cat. no. 

Mm00433820_m1); inhibitory/GABAergic neurotransmission (Gabra5 (Mm00621092_m1), 

Gabrb3 (cat. no. Mm00433473_m1), Gabrg2 (cat. no. Mm00433489_m1), Slc12a5 (cat. no. 

Mm00803929_m1); and, neuronal survival/plasticity/remodeling (Clu (cat. no. 

Mm01197002_m1), Gpx1 (cat. no. Mm00656767_g1), Gpr39 (cat. no. Mm01308380_s1), Bdnf 

(cat. no. Mm04230607_s1), Creb1 (cat. no. Mm00501607_m1), Gsk3b (cat. no. 
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Mm00444911_m1), Mapk1 (cat. no. Mm00442479_m1), Mapk3 (cat. no. Mm01973540_g1), 

Mtor (cat. no. Mm00444968_m1), Mapt (cat. no. Mm00521992_m1). 

Western Blotting 

 One of the harvested hippocampi was immediately frozen on dry ice and stored in 

─80℃. Samples were homogenized mechanically in 2% sodium dodecyl sulphate (SDS), 

centrifuged, and total protein concentration was measured in the supernatant with BCA Protein 

Assay Kit (Thermo Fisher Scientific, USA) in order to normalize the sample concentration. 

Samples were loaded onto Mini Criterion™ Stain-Free Gels (Bio-Rad, USA) in equal amounts 

per well (20-50 μg) and subjected to SDS-Polyacrylamide Electrophoresis (SDS-PAGE, 200 

V, 45 min.). The gels were activated with UV light in ChemiDoc MP Imaging System (Bio-

Rad, USA) and samples transferred onto PVDF membranes with the use of Trans-Blot Turbo 

Transfer System (Bio-Rad, USA). After imaging in the ChemiDoc MP in stain-free mode, the 

membranes were blocked with 1% blocking solution (Roche, USA) in room temperature for 

1h, incubated with primary antibody (GABAA1, GABAB3, Clu, BDNF, Tau p-S396 (cat. no. 

ab109390), ERK1/2 (cat. no. ab184699), KCC2, GluA2, CREB) overnight at 4℃, and rinsed 

2x for 10 min in TBST and 2x for 5 min in 0.5% blocking solution (Roche, USA). After 

incubating with secondary antibody (50 mU/mL, Roche, USA) for 1h at room temperature, the 

membranes were rinsed in TBST 3x for 5 min, incubated for 1 min in enhanced 

chemiluminescence solution (Roche, USA), and protein bands visualized with ChemiDoc MP 

Imaging System. The stain-free membrane image of total protein was used for loading control 

normalization. The targets of interest were functionally associated with: 

excitatory/glutamatergic neurotransmission (GluA2); inhibitory/GABAergic 

neurotransmission (GABAA1, GABAB3, KCC2); and, neuronal survival/plasticity/remodeling 

(BDNF, CREB, Clu, ERK1/2, Tau p-S396).  

 

4. Experimental design 

Experiment 1: the effect of age and GPR39 KO on declarative and 

procedural memory in male mice 

A total of 66 mice divided into 6 experimental groups were used to evaluate the effects 

of aging and constitutive GPR39 KO on distinct forms of memory. The groups were as follows: 

4–5 months old WT (n=15) and KO (n=7); 11–12 months old WT (n=14) and KO (n=11); 18–
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20 months old WT (n=7) and KO (n=12). All mice were tested in a battery of 3 behavioral tasks 

measuring: episodic-like memory (ELM test), procedural memory (modified rota-rod test) and 

spatial memory(Morris water maze). The order of the tests was set to progress from the least to 

the most stressful (Fig. 5). The groups in ex vivo experiments were as follows: 4–5 months old 

WT (n=11) and KO (n=7); 11–12 months old WT (n=10) and KO (n=9); 18–20 months old WT 

(n=7) and KO (n=10).     

Experiment 2: the effect of age and GPR39 KO on declarative and 

procedural memory in female mice 

A total of 57 female mice divided into 6 experimental groups were used to evaluate the 

effects of aging and constitutive GPR39 KO on distinct forms of memory. The groups were as 

follows: 4–5 months old WT (n=10) and KO (n=9); 7–8 months old WT (n=8) and KO (n=9); 

16–17 months old WT (n=11) and KO (n=10). All mice were tested in a battery of 2 behavioral 

tasks, measuring: episodic-like memory (ELM test) and procedural memory (modified rota-rod 

test). The order of the tests was set to progress from the least to the most stressful (Fig. 5). 

Hippocampal mRNA expression levels of the following targets were evaluated ex vivo only in 

old WT (n=11) and KO (n=10) mice, due to a loss of tissue from other age groups after 

equipment failure: Bdnf, Mapt, Gpr39, Grin1, Grin2a, Grin2b.    

Experiments 3–7: the effects of acute treatment with memantine or TC-G 1008 

on ELM and ELM consolidation interference (CI) 

All of the acute pharmacological manipulation studies were based on a within-subject 

experimental design. Animals underwent 2 ELM tests (under either vehicle or drug treatment) 

separated by a 7-day washout period (Fig. 5). Ip injections were performed 30 minutes before 

the first exposition trial. Different sets of objects were used for each ELM test, with a 

counterbalanced order of treatments and of object sets. The tissue for ex vivo experiments was 
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Fig. 5. Schematic representation of the experimental designs. 
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collected 30 min after an ip injection of either vehicle or drug, which was performed 7 days 

after the last ELM test. Animals were assigned to ex vivo treatment groups pseudo-randomly, 

so that the order of treatment during behavioral testing was counterbalanced.   

The effect of TC-G 1008 was evaluated in old WT male (Experiment 3, age: 19 months, 

n=8) and female (Experiment 4, age: 16-17 months, n=10) mice in a standard ELM test. GPR39 

agonist was also tested in the ELM CI version of the test in male WT mice (Experiment 5, age: 

6–7 months, n=14). Both WT and GPR39 KO male animals participated in memantine-

treatment experiments in either a standard ELM version (Experiment 6, WT: n=14; KO: n=14) 

or an ELM CI version (Experiment 7, WT: n=12; KO: n=14). All mice in the memantine 

experiments were 6–7 months old. Hippocampal mRNA expression levels of the following 

targets were evaluated ex vivo in 13 (tissue from one could not be collected, due to technical 

problems during dissection)  animals from Experiment 5: Bdnf, Clu, Creb1, Gabra5, Gabrb3, 

Gabrg2, Gpr39, Gpx1, Gria1, Gria2, Gria3, Gria4, Grin1, Grin2a, Grin2b, Gsk3b, Mapk1, 

Mapk3, Mapt, Mtor, Slc12a5. 

Experiment 8: the effects of chronic treatment with memantine or TC-G 

1008 on ELM and SM in WT and GPR39 KO male mice 

A total of 46 WT and 41 KO male mice (age: 5–6 months) were chronically injected with 

either a vehicle (WT: n=16; KO: n=14), memantine (WT: n=14; KO: n=14) or TC-G 1008 (WT: 

n=16; KO: n=13) and assessed in the ELM test, which was followed by the MWM procedure 

(Fig. 5). ELM was evaluated after 12 days, while SM was tested after 24 days of injections, in 

an off-drug state (i.e. no injections were made prior to memory tests and the daily treatments 

were continued only after the ELM test or the MWM training sessions). The GPR39 KO group 

treated with TC-G 1008 served as a negative control and was introduced into the design in order 

to verify the specificity of the GPR39 agonist. Hippocampal mRNA expression levels of the 

following targets were evaluated ex vivo: Bdnf, Clu, Creb1, Gabra5, Gabrb3, Gabrg2, Gpr39, 

Gria1, Gria2, Gria3, Gria4, Grin1, Grin2a, Grin2b, Mapk1, Mapk3, Mapt, Mtor, Slc12a5. The 

number of animals in ex vivo experiments was set to n=9 in all groups. 

Experiment 9: the effects of chronic treatment with memantine or TC-G 

1008 on ELM and SM in WT and BDNF HET male mice 

A total of 35 WT and 33 BDNF HET male mice (age: 3–6 months) were chronically 

injected with either a vehicle (WT: n=12; HET: n=12), memantine (WT: n=10; HET: n=12) or 
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TC-G 1008 (WT: n=11; HET: n=11) and assessed in the ELM test, which was followed by the 

MWM procedure (Fig. 5). ELM was evaluated after 14 days, while SM was tested after 28 days 

of injections, in an off-drug state. Hippocampal levels of the following targets were evaluated 

ex vivo: mRNA - Bdnf, Clu, Creb1, Gabra5, Gabrg2, Gpr39, Gria2, Grin1, Grin2a, Grin2b, 

Mapk1, Mapk3, Mapt, Mtor, Slc12a5; proteins – BDNF, CREB, GABAA alpha-1, GluA2. The 

number of animals in Western Blot experiments was set to n=8 in all groups; and, n=9 in qRT-

PCR, except for memantine WT and TC-G 1008 HET groups where n=8. 

 

5. Drugs 

Memantine hydrochloride was purchased from Cayman Chemical, USA, dissolved in 

0.9% saline (Experiments 6 and 7) and administered at a dose of 5 mg/kg, 30 minutes before 

the first exposition trial in the ELM test. TC-G 1008 was purchased from Tocris, UK, suspended 

in 1% Tween 80 (Experiments 3 - 5) and injected at a dose of 10 mg/kg IP, 30 minutes before 

the first exposition trial in the ELM test. In Experiments 8 and 9, 1% Tween 80 in 0.9% saline 

solution served as the vehicle for both drugs, and ip injections were performed after the 

behavioral procedures, alternating injection sides (left vs right) daily. The volume was 5 ml/kg 

for all injections. 

Since GPR39 KO mice are highly susceptible to kainite-induced epileptic seizures 

(Gilad et al., 2015), the dose of memantine used in Experiment 6 was selected on the basis of 

studies showing its lack of an epileptogenic effect and no disturbance of cortical EEG in 

epilepsy-prone rats, in comparison with 10 or 20 mg/kg (Löscher and Hönack, 1990). Due to 

lack of effects of 5 mg/kg memantine in experiment 8, as well as no contraindications for higher 

dose usage in BDNF HET animals, 10 mg/kg of memantine was used in Experiment 9. The 

dose of TC-G 1008 was chosen on the basis of our previous studies (Młyniec et al., 2016). 

6. Statistical analyses 

The 3 parameters from the ELM test were analyzed separately either by two-way 

ANOVA (Experiments 1, 2, 8, 9), mixed-model two-way ANOVA (Experiments 6 and 7) or 

repeated-measures t-tests (Experiments 3 - 5). The presence vs absence of ELM components 

was tested for each experimental group with one-sample t-tests against a theoretical value of 

0.5 (chance level, i.e. lack of preference). Time to fall in the rotarod PM test was assessed 

independently in different age groups with a mixed-model two-way ANOVA. 
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A three-way ANOVA of swimming speed in MWM training revealed a significant 

effect of age in Experiment 1, and a significant effect of genotype in Experiment 9. Therefore, 

the MWM training data were analyzed with mixed-model two-way ANOVAs for different age 

groups (Experiment 1) or genotypes (Experiment 9) separately. Measures used in the SM probe 

test are independent of swimming speed (Vorhees and Williams, 2006), and were analyzed with 

two-way ANOVAs in all experiments. A three-way analysis of swimming speed during MWM 

training in Experiment 8 revealed no differences between experimental groups; thus, whenever 

possible, the training data were analyzed with mixed-model three-way ANOVAs. Percentage 

of time spent in the platform quadrant was compared with chance performance (25%) using 

one-sample t-tests in all MWM experiments. 

Data from qRT-PCR experiments were analyzed with two-way ANOVAs (Experiments 

1, 8, 9) or t-tests (Experiment 5). All analyses were carried out on delta Ct values i.e. the 

difference in number of cycles to reach the threshold between endogenous control gene (Actb) 

and the target gene measured in the same well. The threshold was set automatically by Applied 

Biosystems PCR software. Normalized values of band fluorescence from Western Blot 

experiments were analyzed with two-way ANOVAs.  

Homogeneity of variance was tested with Levene’s test, and normality of data 

distributions with the Shapiro–Wilk test. Data were inspected for the presence/absence of 

outliers with Grubb’s test, and cleared of such data points. Data sets that violated the normality 

assumption and were positively skewed (skewness >1) were log transformed. Sphericity was 

evaluated with Mauchly’s test, and a Greenhouse–Geisser correction was used for data not 

meeting this assumption. Post-hoc evaluation of ANOVAs was carried out using Sidak’s 

correction. All data are presented as mean ± SEM. The p-values (two-tailed) were set to 0.05. 

Statistical analyses were performed using IBM SPSS Statistics 27, and graphs were created 

using GraphPad Prism 7.0. 

Results 

Experiment 1: the effect of age on ELM, PM and SM of adult, middle-aged 

and old WT and GPR39 KO male mice 

ELM 

We observed an impairment of integrated spatiotemporal memory in GPR39 KO mice 

(PR3, Genotype: F(1,58) = 7.604, p = 0.0078), which was irrespective of animals’ age (Age: F(2,58) 



35 

 

= 0.79, NS; Age x Genotype: F(2,58) = 0.33, NS, Fig. 6). This effect was driven by adult and 

middle-aged WT mice, since only these 2 groups exhibited intact spatiotemporal memory (one-

sample t-test, adult WT: t(14) = 2.77, p = 0.015; middle-aged WT: t(12) = 2.47, p = 0.029, Fig. 6). 

We did not observe any effects of Age or Genotype on temporal order memory, or any 

interaction between these factors (Fig. 6; PR1: Age, F(2,58) = 2.08, NS; Genotype, F(1,58) = 0.24, 

NS; Age x Genotype, F(2,58) = 0,23, NS). No main effects or interaction were found for spatial 

memory (Fig. 6; PR2: Age, F(2,58) = 0,58, NS; Genotype, F(1,58) = 1,79, NS; Age x Genotype, 

F(2,58) = 0,69, NS, Fig. 6). 

Two mice from the middle-aged group (1 WT and 1 KO) were excluded from the ELM 

analysis due to insufficient exploration of objects during the first 2 exposition trials. In the 

remaining animals there were no differences between the experimental groups in either total 

exploration time during the exposition trials, or speed and distance travelled (not shown). 

 

Fig. 6. GPR39 KO impairs spatiotemporal integration of ELM regardless of age in male C57BL/6J mice, which is 

similar to a spatiotemporal integration deficit of old WT mice. * - main effect of Genotype, p <0.05; # - one-sample 

t-test against chance preference level, p <0.05. 

PM 

All animals managed to learn the rotarod task and were included in the PM analysis. 

The statistics for the middle-aged and old groups were calculated on log-transformed data. We 

did not observe any effects of genotype on PM in any of the age groups (adult mice: Genotype, 

F(1,20) = 0.11, NS; Genotype x Retention, F(1,20) = 1.55, NS; middle-aged mice: Genotype, F(1,23) 

= 0.21, NS; Genotype x Retention, F(1,23) = 0.65, NS; old mice: Genotype, F(1,17) = 0.82, NS; 

Genotype x Retention, F(1,17) = 0.20, NS, Fig. 7). However, adult mice performed better after a 

retention-delay of 4 days (Fig.5; main effect of Retention: F(1,20) = 8.01, p = 0.01, Fig. 7), which 

was not the case for the other 2 groups (middle-aged mice: Day, F(1,23) = 0.44, NS; old mice: 

Day, F(1,17) = 1.51, NS, Fig. 7). 
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Fig. 7. Lack of effect of GPR39 KO on PM at 3 developmental stages in male C57BL/6J mice. Adult mice 

performed better after 4 days of retention regardless of genotype. * - main effect of retention, p < 0.05. 

SM 

During the SM probe test, GPR39 KO mice spent less time in the platform quadrant 

than WT littermates (main effect of Genotype, F(1,61) = 6.13, p = 0.016, Fig. 8). Furthermore, all 

KO groups as well as old WT mice performed at chance level, with only adult and middle-aged 

WT animals spending more than 25% of the time in the correct quadrant (one-sample t-test: 

adult WT, t(14) = 3.15, p = 0.007; middle-aged WT, t(13) = 2.25, p = 0.043, Fig. 8). A trend towards 

a significant difference between WT and GPR39 KO mice was also seen in cumulative distance 

to the platform (F(1,60) = 3.23, p = 0.078), but there were no differences between genotypes in 

the number of platform crossings (F(1,60) = 0.52, p = 0.476, Fig. 8). Overall, this pattern of results 

suggests an SM impairment caused by GPR39 KO. 

A three-way mixed-model ANOVA revealed that during the MWM learning, adult mice 

swam faster than middle-aged (p = 0.026) and old mice (p = 0.04, main effect of Age, F(2,60) = 

3.1, p = 0.052, not shown). Further two-way analyses showed a clear learning curve for adult 

and old mice regardless of their genotype (main effect of Day for: 1) latency to reach the 

platform; adult mice: F(3.02,60.3) = 3.99, p = 0.01; old mice: F(6,102) = 3.67, p = 0.002; and 2) 

cumulative distance from the platform; adult mice: F(2.57,51.54) = 3.99, p = 0.02; old mice: 

F(2.7,45.89) = 6.07, p = 0.002), with asymptotic performance beginning on Day 4. Middle-aged 

mice showed either a trend towards learning progress regardless of genotype (main effect of 

Day for latency to reach the platform: F(2.91,66.99) = 2.49, p = 0.069) or significant learning (main 

effect of Day for cumulative distance from the platform: F(2.38,54.77) = 3.18, p = 0.04). All of the 

groups learned the task, as evidenced by significant differences between training days 1 and 7 

in latency to reach the platform (simple effect for Day 1 vs Day 7: adult mice, p = 0.00; middle-

aged mice, p = 0.02; old mice, p = 0.017) and in cumulative distance (simple effect for Day 1 

vs Day 7: adult mice, p < 0.001; middle-aged mice, p = 0.06; old mice, p < 0.001). 
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Fig. 8. GPR39 KO mice were able to locate the platform (no effect of genotype on the number of platform entries), 

but they spent significantly less time in the correct quadrant, and had a tendency to swim further away from the 

location of the platform (main effect of genotype on distance: p = 0.078), implying an SM impairment caused by 

GPR39 KO. * main effect of genotype, p < 0.05; # one-sample t-test against chance level, p < 0.05. 

Hippocampal mRNA expression levels 

Significant effects were observed in 8 out of the 22 tested targets, while the levels of 

Gpr39 were too low to be appropriately amplified during PCR. Four of these targets displayed 

a similar pattern of effects of experimental manipulations on mRNA expression levels. 

Transcription of Creb1, Gria2, Mapk1, and Mapt was lower in adult GPR39 KO compared to 

adult WT mice (simple effect of Genotype: Creb1, p = 0.003; Gria2, p = 0.019; Mapk1, p = 

0.02; Mapt, p = 0.014, Fig. 9), and it remained unchanged with age in GPR39 KO animals, 

whereas significant downregulation was present in middle-aged and old WT mice compared to 

their adult conspecifics: Creb1 (simple effect of Age: adult vs middle-aged, p<0.001; adult vs 

old, p = 0.011, Genotype x Age interaction: F(2,47) = 6.88, p = 0.002, Fig 6A),  Gria2 (simple 

effect of Age: adult vs middle-aged, p = 0.021; adult vs old, p<0.001, Genotype x Age 

interaction: F(2,48) = 3.6, p = 0.035, Fig 6B), Mapk1 (simple effect of Age: adult vs middle-aged, 

p = 0.02; adult vs old, p = 0.074, Genotype x Age interaction: F(2,47) = 3.68, p = 0.033, Fig 6C), 

Mapt (simple effect of Age: adult vs middle-aged, p = 0.061; adult vs old, p = 0.001, Genotype 

x Age interaction: F(2,48) = 7.58, p = 0.001, Fig 6D). Additionally in case of the mRNA coding 

the Tau protein (Mapt), lower expression levels were observed in old WT compared to old 

GPR39 KO mice (simple effect of Genotype: p = 0.005, Fig 6D).  
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Fig. 9. Age-related transcription changes of Creb1, Gria2, Mapk1, and Mapt in the hippocampus depend on GPR39 

and follow a similar pattern. The expression of Creb1, Gria2, Mapk1, and Mapt in GPR39 KO mice remains 

unchanged throughout development, while the transcription of the same genes drops with age in WT mice. This 

discrepancy is most pronounced in Mapt, where a reversal of the direction of GPR39 KO and WT expression levels 

differences is observed between adult and old age. * - simple effect of Genotype, p<0.05; # or p-values – simple 

effect of Age compared to adult WT group.       

A significant Genotype x Age interaction was also found for 3 other targets (Gabrb3, 

F(2,48) = 12.06, p<0.001; Gpx1, F(2,48) = 3.44, p = 0.04; Mtor, F(2,46) = 5.36, p = 0.008, Fig 7). A 

similar pattern of differences between GPR39 KO and WT mice was observed in the profile of 

age-related changes in mRNA expression levels for Gpx1 and Mtor. In WT animals, expression 

levels of both genes were lower in middle-aged compared to adult mice (simple effect of Age: 

Gpx1, p = 0.009; Mtor, p = 0.051, Fig. 9B and C), while in GPR39 KO mice the expression of 

both genes was elevated in old age compared to the remaining GPR39 KO age groups (simple 

effect of Age, adult vs old: Gpx1, p = 0.01; Mtor, p = 0.004; middle-aged vs old: Gpx1, p = 

0.003; Mtor, p = 0.012, Fig. 9B and C), and led to higher Mtor (p = 0.011), as well as Gpx1 (p 

= 0.028) expression in old GPR39 KO compared to old WT mice. Additionally, a trend towards 
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lower Mtor expression in adult GPR39 KO compared to adult WT mice (p = 0.058) was 

observed. An opposite expression profile was present for the Gabrb3 gene, which had higher 

expression levels in adult GPR39 KO compared to adult WT mice (simple effect of Genotype, 

p<0.001) and lower expression levels in old GPR39 KO compared to old WT mice (simple 

effect of Genotype, p = 0.007).  

 

Fig. 10. The expression of Gpx1 (B) and Mtor (C) is altered in old age only in GPR39 KO mice hippocampi, while 

in old WT mice it returns to adult-levels after a temporary drop in middle-age. The receptor’s impact on age-

related transcription changes is most pronounced with regard to Gabrb3, where lack of GPR39 causes a reversal 

of the direction of expression level differences between adult and old age (D). GPR39 KO affected Clu expression 

only in adult hippocampi. * - simple effect of Genotype or main effect of Age (A), p<0.05; # or p-values – simple 

effect of Age compared to adult WT group; $ - simple effect of Age compared to old GPR39 KO group. 

A clear, age-related switch in Gabrb3 expression was present in both GPR39 KO and WT mice, 

albeit in different directions and timing. While in GPR39 KO mice the levels of Gabrb3 

dropped in old age (simple effect of Age: adult vs old, p<0.001; middle-aged vs old,  p = 0.054), 

in WT animals the levels of Gabrb3 were elevated in middle- (p = 0.01) and old-age (p = 0.017) 

compared to adult age.  
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Lastly, Clu mRNA levels were lower in middle-aged compared to old mice, regardless 

of genotype (main effect of Age, F(2,47) = 7.53, p = 0.001; post-hoc of middle-aged vs old, p = 

0.001). A trend towards a significant Age x Genotype interaction (F(2,47) = 3.05, p = 0.057) also 

revealed lower Clu levels in adult GPR39 KO, compared to adult WT mice (p = 0.038), a 

decrease of Clu levels in middle-aged WT compared to adult WT mice (p = 0.014), and an 

increase of Clu levels in old GPR39 KO mice compared to other two age groups of GPR39 KO 

animals (adult vs old, p = 0.021; middle-aged vs old,  p = 0.004). 

Hippocampal protein levels 

 A significant effect of Age was present with respect to Tau p-S396 (F(2,48) = 4.74, p = 

0.013), with more phosphorylated Tau in middle-aged compared to adult hippocampi (p = 

0.009), regardless of genotype. A trend towards the same pattern of results was observed for 

beta 3 subunit of the GABAA receptor (main effect of Age: F(2,45) = 3.28, p = 0.047; post hoc 

for adult vs middle-aged, p = 0.068), as well as an opposing pattern for KCC2, with less KCC2 

in middle-aged compared to adult hippocampi (main effect of Age: F(2,48) = 3.14, p = 0.053; 

post hoc for adult vs middle-aged, p = 0.079). No other differences in protein levels were 

detected.   
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Fig. 11. The phosphorylation of Tau protein at serine 396 site is higher in middle-aged mice hippocampi 

compared to adult levels (A). A trend towards a similar pattern is observed with regard to beta 3 subunit of 

GABAA receptor (B), as well as an opposite pattern in the hippocampal levels of KCC2 protein (C). ** or p-

values - main effect of Age, p<0.01.  
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Table 1. Summary of the hippocampal mRNA expression and total protein levels in adult, middle-aged and old male WT and GPR39 KO mice. Black arrows: 

↓ - downregulation or ↑ - upregulation compared to adult WT mice; NA – not available, nd – not detected; “─” – no significant effect compared to adult WT 

mice. 
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Experiment 2: the effect of age and GPR39 KO on declarative and 

procedural memory in female mice 

ELM 

 No effects of either Age (Fig. 12, main effect of Age: PR1, F(2,50) = 0.01, NS; PR2, F(2,50) 

= 0.42, NS; PR3, F(2,50) = 0.14, NS) or Genotype (Fig. 12, main effect of Genotype: PR1, F(1,50) 

= 0.9, NS; PR2, F(1,50) = 0.03, NS; PR3, F(1,50) = 0.38, NS), nor an interaction of these factors 

(Fig. 12, Age x Genotype: PR1, F(2,50) = 1.69, NS; PR2, F(2,50) = 1.64, NS; PR3, F(2,50) = 2.49, 

NS) were observed in female mice in all 3 of the components measured in the ELM test. One 

sample t-test revealed a trend towards spatiotemporal memory in adult GPR39 KO female mice 

(t(8) = 2.18, p = 0.061, Fig. 12). One animal from the middle-aged WT group was excluded from 

ELM analysis due to insufficient exploration time during the test trial i.e. lack of data.  

 The interpretation of these results is confounded by a significant effect of Genotype on 

exploration time during the second exposition trial, when GPR39 KO animals spent more time 

exploring the objects (F(2,51) = 8.1, p<0.001). Moreover, throughout the second trial GPR39 KO 

mice were more active, as evidenced by less time spent immobile (F(2,51) = 4.81, p = 0.01), more 

distance travelled (F(2,51) = 6.05, p = 0. 004) and higher mean speed (F(2,51) = 5.98, p = 0.005).    

 

Fig. 12. Lack of effect of GPR39 KO on ELM at 3 developmental stages in female C57BL/6J mice. Adult GPR39 

female mice displayed a trend towards spatiotemporal integration of ELM (one-sample t-test, p = 0.061). 

PM 

Similarly to male mice, we did not observe any effects of genotype on PM in any of the 

female age groups (adult mice: Genotype, F(1,17) = 2.95, NS; Genotype x Retention, F(1,17) = 

0.68, NS; middle-aged mice: Genotype, F(1,15) = 0.01, NS; Genotype x Retention, F(1,15) = 3.57, 

NS; old mice: Genotype, F(1,20) = 0.03, NS; Genotype x Retention, F(1,20) = 0.08, NS, Fig.10). 

However, a pattern opposite to the one observed in male mice was present in females with 

regard to the effect of consolidation on PM at 3 developmental stages. There was no 
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improvement of performance in adult female mice (main effect of Retention: F(1,17) = 0.62, NS. 

Fig.10), while both middle-aged and old females performed better after the 4-day retention 

delay (middle-aged: F(1,15) = 5.32, p = 0.036; old: F(1,20) = 12.38, p = 0.002, Fig.10). All animals 

managed to learn the rotarod task and were included in the PM analysis. 

 

Fig. 13. Lack of effect of GPR39 KO on PM at 3 developmental stages in female C57BL/6J mice. Middle-aged 

and old female mice performed better after 4 days of retention regardless of genotype. * - main effect of retention, 

p < 0.05. 

Hippocampal mRNA expression levels 

As previously mentioned, the qRT-PCR ex vivo analyses were restricted to old female 

age group. We did not observe any differences between GPR39 KO and WT old female mice 

in either Bdnf, Mapt, Grin1, Grin2a or Grin2b expression levels (not shown), and the levels of 

Gpr39 were too low to be appropriately amplified during PCR.  

Experiment 3: the effect of acute TC-G 1008 on ELM of old WT male mice 

In old WT male mice, acute administration of TC-G 1008 before the standard ELM task 

improved both the temporal (PR1, paired t-test: t(6) = 3.59, p = 0.012, Fig. 14) and the spatial 

(PR2, paired t-test: t(6) = 3.09, p = 0.021, Fig. 14) components, without an effect on the 

integrated spatiotemporal component (PR3, paired t-test: t(6) = 1.51, NS, Fig. 14). One-sample 

t-tests confirmed that mice remembered when (PR1, t(6) = 2.93, p = 0.027, Fig. 14) and where 

(PR2, t(6) = 2.60, p = 0.041, Fig. 14) the objects were placed only after TG-G 1008 treatment 

(Fig. 14). One animal was excluded from the analysis due to insufficient exploration during the 

exposition trials after vehicle treatment. 
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Fig. 14. GPR39 agonist (TC-G 1008) improves temporal and spatial components of ELM after acute injection in 

old male WT C57BL/6J mice. * - paired t-test, p <0.05; # - one-sample t-test against chance preference, p <0.05. 

Experiment 4: the effect of acute TC-G 1008 on ELM of old WT female 

mice 

In old WT female mice, acute administration of TC-G 1008 before the standard ELM task 

had no effect on both the temporal (PR1, paired t-test: t(9) = 0.53, NS, Fig. 15) and the spatial 

(PR2, paired t-test: t(9) = 0.47, NS, Fig. 15) components, but a weak trend toward an effect on 

the integrated spatiotemporal component was observed (PR3, Wilcoxon matched-pairs test: W 

= -35, p = 0.08, Fig. 15). One-sample t-tests and Wilcoxon test revealed that only after TC-G 

1008 administration mice remembered when the objects were placed (PR2, t(9) = 3.46, p = 0.007, 

Fig. 15) and displayed a trend towards spatiotemporal memory (PR3, W = -37, p = 0.065, Fig. 

15). Interestingly, the weak effect on spatiotemporal memory was due to preference towards 

OS object over OD object after, which is a pattern observed in rats (Chao et al., 2017). 

 

Fig. 15. Lack of clear effect of GPR39 agonist (TC-G 1008) on ELM components after acute injection in old 

female WT C57BL/6J mice. # # - one-sample t-test against chance preference, p <0.01; 0.065 – p-value of one-

sample t-test against chance preference. 
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Experiment 5: the effect of acute TC-G 1008 on ELM CI of adult WT male 

mice 

ELM CI 

In adult WT male mice, acute administration of TC-G 1008 before the ELM CI task had 

no effect (Fig. 16, paired-samples t-tests, PR1, t(11) = 1.39, NS; PR2, t(11) = 0.79, NS; PR3, t(11) 

= 1.46, NS). This group of mice did show a preference towards OS object over OD object after 

vehicle treatment (one-sample t-test, PR3, t(11) = 2.21, p = 0.049, Fig. 16), a pattern which – as 

mentioned above - is usually observed in rats tested with a 60-minute ISI (Chao et al., 2017). 

Two animals (one after vehicle and one after drug treatment) were excluded from the analyses, 

due to insufficient time of exploration during the test trial, i.e. lack of data. 

 

Fig. 16. Lack of effect of GPR39 agonist (TC-G 1008) on consolidation interference of ELM components after 

acute injection in adult male WT C57BL/6J mice. # - one-sample t-test against chance preference, p <0.05. 

Hippocampal mRNA expression levels 

Significant effects were observed in 2 out of the 22 tested targets (Gria2 and Gabrb3). 

Acute TC-G 1008 administration increased the expression levels of both Gria2 (t(11) = 3.45, p 

= 0.005, Fig. 17) and Gabrb3 (t(11) = 2.42, p = 0.034, Fig. 17) in adult WT hippocampus. The 

levels of Gpr39 were too low to be appropriately amplified during PCR. 

 

Fig. 17. Acute injection of GPR39 agonist (TC-G 1008) causes an upregulation of Gria2 and Gabrb3 mRNA 

transcription in adult male WT C57BL/6J mice. *; ** - unpaired t-test, p <0.05; p<0.01. 
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Experiment 6: the effect of acute memantine on ELM of adult WT and 

GPR39 KO male mice 

In adult WT and KO male mice, acute administration of memantine before the standard 

ELM task had no effect on ELM (Fig. 18, main effect of Treatment, PR1, F(1,23) = 1.45, NS; 

PR2, F(1,23) = 2.27, NS; PR3, F(1,23) = 1.66, NS). There were also no differences between WT 

and KO animals (main effect of Genotype, PR1, F(1,23) = 0.17, NS; PR2, F(1,23) = 0.00, NS; PR3, 

F(1,23) = 1.85, NS), as well as no Treatment x Genotype interaction (PR1, F(1,23) = 0.05, NS; PR2, 

F(1,23) = 0.01, NS; PR3, F(1,23) = 0.00, NS, Fig. 18). We did not observe object preference in any 

of the groups/conditions. Data from 2 WT animals was not collected due to technical 

difficulties, and 1 WT mouse was excluded due to lack of exploratory behavior during the test 

trial after vehicle treatment. 

 

Fig. 18. Lack of effect of memantine on ELM components after acute injection in adult male GPR39 KO and WT 

C57BL/6J mice. 

Experiment 7: the effect acute memantine on ELM CI of adult WT and 

GPR39 KO male mice 

In adult WT and GPR39 KO male mice, acute administration of memantine had no effect 

in the ELM CI test (main effect of Treatment, PR1, F(1,22) = 2.28, NS; PR2, F(1,22) = 1.56, NS; 

PR3, F(1,22) = 0.02, NS; Treatment x Genotype interaction, PR1, F(1,22) = 0.18, NS; PR2, F(1,22) 

= 2.38, NS; PR3, F(1,22) = 0.11, NS, Fig. 19). 

GPR39 KO mice differed from their WT littermates in PR3 regardless of the drug 

treatment (main effect of Genotype, F(1,22) = 4.46, p = 0.046, Fig. 19); however, neither group 

displayed the spatiotemporal ELM component (one-sample t-tests, WT: t(9) = 1.67, NS; KO: 

t(13) = 0.86, NS, Fig. 19). 

The only group of mice which showed a trend towards object preference were GPR39 

KO mice after memantine treatment (one-sample t-test, PR2, t(13) = 2.1, p = 0.056, Fig. 19). 

There were no differences in measures of locomotor activity or exploration time during 
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exposition and test trails. Two WT mice were excluded from the analysis due to lack of 

exploratory behavior during the test trial after vehicle (1 animal) or memantine (1 animal) 

treatment. 

 

Fig. 19. Lack of effect of memantine on consolidation interference (CI) of ELM components after acute injection 

in adult male GPR39 KO and WT C57BL/6J mice. GPR39 KO mice differed in old object preference under CI 

condition, but the spatiotemporal component was absent in both groups. * - main effect of genotype, p < 0.05. 

Experiment 8: the effects of chronic TC-G 1008 and memantine on ELM 

and SM adult WT and GPR39 KO mice 

ELM 

Although we did not observe any significant effects of 12 days of TG-G 1008 or 

memantine treatment on ELM, only memantine-treated groups showed spatial location memory 

(one-sample t-tests of PR2 for: WT mice, t(12) = 2.46, p = 0.03; KO mice, t(11) = 2.67, p = 0.022, 

Fig. 20). There were no differences in measures of locomotor activity or exploration time during 

exposition and test trails. 

 

Fig. 20. Lack of significant group differences in the effect of 12 days of memantine or TG-G 1008 administration 

on ELM in adult GPR39 KO and WT C57BL/6J mice. Only memantine-treated groups displayed the spatial ELM 

component, with all other components absent regardless of treatment or genotype. # - one sample t-test against 

chance preference, p < 0.05.  
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SM 

Chronic memantine treatment impaired SM in GPR39 KO in comparison with 

memantine-treated WT mice (Genotype x Treatment interaction in platform area crossings: 

F(2,72) = 3.66, p = 0.031; simple effect in memantine groups: p = 0.031, Fig. 21). Moreover, KO 

animals had a tendency to spend less time than their WT littermates in the platform quadrant 

(main effect of Genotype: F(1,72) = 3.85, p = 0.054, Fig. 21); however, only KO mice under 

memantine treatment performed at chance level in this regard (one-sample t-test: t(13) = 1.74, 

NS, Fig. 21), which might have driven the main effect of Genotype. Main effect of Treatment 

was also observed with regard to distance from the platform area (F(2,72) = 3.86, p = 0.026, Fig. 

21), with memantine-caused impairment in comparison to TC-G 1008 (p = 0.013, Fig. 21). 

Although this effect was observed regardless of genotype, it was clearly driven by memantine-

treated GPR39 KO group. Overall, this pattern of results implicates memantine-induced SM 

impairment in KO mice in the MWM. 

A three-way mixed-model ANOVA revealed no differences between groups in 

swimming speed during MWM training (not shown). Neither genotype nor drug treatment 

affected the rate of MWM learning, as evidenced by no interaction between these factors and 

day of training in either latency to reach the platform or cumulative distance from it (Treatment 

x Genotype x Day: latency, F(8.34,317.01) = 0.839, NS; distance, F(6.69,254.38) = 0.97, NS; Treatment 

x Day: latency, F(8.34,317.01) = 1.23, NS; distance, F(6.69,254.38) = 1.52, NS; Genotype x Day: 

latency, F(4.17,317.01) = 1.13, NS; distance, F(3.35,254.38) = 1.15, NS). 

All experimental groups learned the MWM task (main effect of Day for: 1) latency to 

reach the platform, F(4.17,317) = 56.18, p<0.001; post hoc for Day 1 vs Day 7: p<0.001; and 2) 

cumulative distance from the platform: F(3.35,254.38) = 87.8, p<0.001; post hoc for Day 1 vs Day 

7: p<0.001). Five animals qualified as non-performers and were excluded during training (1 

from vehicle WT and KO groups; 1 from TC-G 1008 KO; and 2 from memantine WT group). 

 

Fig. 21. GPR39 KO mice after 24 days of memantine treatment were less precise in locating the platform than 

memantine-treated WT mice (number of entries to the platform area: # - MEM WT vs MEM KO, p < 0.05) and 
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could not remember its general location (NS - chance level of platform quadrant exploration). $ - memantine vs 

TC-G 1008 post-hoc for main effect of Treatment, 0.054 = p-value for main effect of genotype. 

Hippocampal mRNA expression levels 

Significant differences in gene expression levels were found in 5 out of the 20 tested 

targets between GPR39 KO and WT mice treated chronically with TC-G 1008: Clu (simple 

effect of Genotype, p = 0.016, Genotype x Treatment, F(2,48) = 3.06, p = 0.056, Fig. 22A), Creb1 

(p = 0.031; F(2,48) = 2.77, p = 0.073, Fig. 22E), Gabrg2 (p = 0.009; F(2,46) = 3.22, p = 0.049, Fig. 

22D), Gria3 (p = 0.048;  F(2,48) = 2.92, p = 0.064, Fig. 22B), and Slc12a5 (p = 0.008; F(2,48) = 

4.13, p = 0.022, Fig. 22C). In all cases the expression was lower in GPR39 KO hippocampi in 

response to the drug, compared to WT littermates.  

 

Fig. 22. TC-G 1008 may not be a selective agonist of GPR39, as the compound caused downregulation of 

transcription of 5 genes in hippocampi of GPR39 KO mice compared to TC-G 1008-treated WT littermates (A-

E). *, ** - simple effect of Genotype for TC-G 1008, p<0.05, p<0.01; $ - simple effect of Treatment compared to 

TC-G 1008 GPR39 KO group, p<0.05.  

The levels of Clu (simple effect of Treatment, p = 0.027, Fig. 22A), Gria3 (p = 0.016, Fig. 

22B), and Slc12a5 (p = 0.031, Fig. 22C) were also lower in TC-G 1008-treated GPR39 KO 

mice compared to their KO littermates treated with memantine. Again, the gene expression 

levels of Gpr39 were too low to be appropriately amplified during PCR. 

 



51 

 

Experiment 9: the effects of chronic treatment with memantine or TC-G 

1008 on ELM and SM in WT and BDNF HET male mice 

ELM 

 No effects of either Treatment, Genotype or an interaction of these factors on all 3 ELM 

components were present after 14 days of ip injections in WT and BDNF HET mice (Fig. 23). 

No preference for any object was observed in one sample t-tests. Three-way ANOVA of 

Treatment x Genotype x Trial of immobility during 2 exposition trials revealed that memantine-

treated mice spent more time immobile during the first exposition trial, compared to vehicle-

treated mice, regardless of genotype (simple effect of Treatment, p = 0.002; Trail x Treatment 

interaction: F(2,62) = 3.38, p = 0.04), with vehicle-treated mice being more immobile during the 

second trial, compared to the first trial (p = 0.029). No differences were observed with regard 

to time spent exploring the objects. Three WT animals were excluded from ELM test analysis 

due to insufficient exploration time during the exposition trails – one from each drug treatment 

group. 

 

Fig. 23. Lack of effect of 14 days of memantine or TG-G 1008 administration on ELM in adult BDNF HET and 

WT C57BL/6J mice. p = 0.06 - one sample t-test against chance preference.  

SM 

 BDNF HET mice spent less time in the platform quadrant than their WT littermates 

during the SM probe test (main effect of Genotype: F(1,58) = 4.49, p = 0.038, Fig. 24), regardless 

of the drug treatment (main effect of Treatment: F(2,58) = 2.22, NS; Treatment x Genotype 

interaction: F(2,58) = 0.09, NS, Fig. 24). The difference was quantitative rather than qualitative, 

since all animals explored the correct quadrant at above chance levels (on sample t-tests: vehicle 

– WT, t(10) = 4.65, p<0.001; HET, t(11) = 3.65, p = 0.004; memantine - WT, t(8) = 4.47, p = 

0.002; HET, t(10) = 5.08, p<0.001; TC-G 1008: WT, t(9) = 7.21, p<0.001; HET, t(10) = 5.95, 

p<0.001, Fig. 24). No further effects were present in either cumulative distance from the 

platform area or the number of platform area crossings during the probe test.  



52 

 

A three-way mixed-model ANOVA revealed that during the MWM training, BDNF 

HET mice swam faster than WT littermates (main effect of Genotype: F(1,59) = 8.07, p = 0.006, 

not shown), and therefore latencies to reach the platform during the training could not be 

directly compared between genotypes.  Further two-way mixed model ANOVAs showed a clear 

learning curve in both WT and BDNF HET mice, with asymptotic performance starting at day 

3 of the 5-day training in both groups: 1) main effect of Day for latency to reach the platform: 

WT, F(4, 108) = 59.46, p<0.001, post hoc for Day 1 vs Day 5: p<0.001; HET, F(4, 128) = 45.68, 

p<0.001, post hoc for Day 1 vs Day 5: p<0.001; 2) cumulative distance from the platform: WT, 

F(4, 108) = 96.6, p<0.001, post hoc for Day 1 vs Day 5: p<0.001; HET, F(4, 128) = 60.05, p<0.001, 

post hoc for Day 1 vs Day 5: p<0.001. Three WT animals qualified as non-performers and were 

excluded during training – one from each drug treatment group.  

 

Fig. 24. Although BDNF HET mice remembered the location of the platform following a 24 h delay, they spent 

less time in the correct quadrant of the MWM pool than WT C57BL/6J mice, regardless of drug treatment. * - 

main effect of Genotype, p<0.05; one sample t-test of time spent in the platform quadrant against chance level: 

p<0.05 for all groups (not shown). 

Hippocampal mRNA expression levels 

The expression level of Mapk3 was higher in BDNF HET compared to WT hippocampi, 

regardless of drug treatment (main effect of Genotype: F(1,46) = 4.08, p = 0.049, Fig. 25B). 

Significant Genotype x Treatment interaction was also observed with regard to Mapk1 (F(2,45) 

= 6.82, p = 0.003, Fig. 25A), with higher expression in BDNF HET after vehicle treatment, 

compared to vehicle-treated WT littermates (p = 0.024). An opposing effect of TC-G 1008 

depending on animals’ genotype was observed, with downregulation in BDNF HET mice (p = 

0.037) and upregulation in WT mice (p = 0.055) after chronic TC-G 1008, compared to vehicle-

treated littermates of the same genotype.  



53 

 

 

Fig. 25. BDNF HET knockout caused an upregulation of Mapk3 transcription in the hippocampus (B), and affected 

the impact of chronic TC-G 1008 administration on hippocampal Mapk1 mRNA levels (A). The transcription of 

Bdnf was attenuated by chronic memantine regardless of genotype (D), while Grin1 displayed a tendency towards 

lower expression in TC-G 1008-treated BDNF HET mice, compared to their memantine-treated littermates (C). * 

- main or simple effect of Genotype or Treatment (C), p<0.05; # - simple effect of Treatment against VEH, p<0.05. 

  A strong trend towards lower expression of Grin1 in BDNF HET mice treated with TC-

G 1008, compared to memantine-treated BDNF HET mice, was also present (p = 0.05, 

Genotype x Treatment: F(2,46) = 3.05, p = 0.057, Fig.22C). Although the BDNF protein 

translation was successfully attenuated in BDNF HET mice (see: next section), there were no 

differences in the initial transcription of the Bdnf gene (main effect of Genotype: F(1,46) = 0.15, 

NS, Fig. 25D). However, chronic memantine treatment reduced Bdnf transcription in 

comparison to both vehicle- and TC-G 1008-treated groups, regardless of genotype (main effect 

of Treatment: F(2,46) = 8.13, p<0.001; post hoc for vehicle vs memantine, p = 0.033; post hoc for 

TC-G 1008 vs memantine, p<0.001, Fig. 25D). 
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Hippocampal protein levels 

 The BDNF HET mice had lower BDNF protein levels in the hippocampi than their WT 

littermates (main effect of Genotype: F(1,42) = 9.73, p = 0.003, Fig. 26A). A similar pattern was 

observed for the alpha 1 subunit of the GABAA receptor (main effect of Genotype: F(1,42) = 

4.29, p = 0.045, Fig. 26B). Lastly, memantine treatment caused a lowering of CREB protein 

levels compared to other treatment groups, irrespective of genotype (main effect of Treatment: 

F(1,41) = 6.6, p = 0.003; post hoc for vehicle vs memantine, p = 0.019; post hoc for TC-G 1008 

vs memantine, p = 0.005, Fig. 26C). 

 

Fig. 26. BDNF HET mice had lower levels of mBDNF than WT mice in their hippocampi, but the expected twofold 

difference was observed only in vehicle-treated animals (A). An effect of the knockout was also observed for 

alpha1 subunit of the GABAA receptor (B), with lower protein levels in BDNF HET hippocampi. The cAMP-

response element binding (CREB) expression factor was downregulated by chronic memantine, regardless of 

genotype (C), similarly to Bdnf mRNA expression (Fig. 25D). * - main effect of Genotype or post hoc for main 

effect of Treatment, p<0.05.   
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Table 2. Summary of the hippocampal mRNA expression and total protein levels male WT and BDNF HET mice after chronic vehicle (VEH), memantine 

(MEM) or GPR39 agonist (TC-G 1008) treatment. Black arrows: ↓ - downregulation or ↑ - upregulation compared to adult WT mice; green arrows: compared 

to other treatment groups regardless of genotype; red arrows: compared to other genotype regardless of the treatment; NA – not available, nd – not detected; 

“─” – no significant effect. 
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Discussion  

The hippocampus is one of the best-studied brain structures with regard to Zn2+’s effects 

on neuronal activity, and a crucial hub for episodic memory, which is affected in early stages 

of AD continuum. The interaction between Zn2+ and Aβ causes rapid “double-edge sword”-like 

effects by disrupting zincergic neurotransmission and neuromodulation and - at the same time 

- exacerbating Aβ neuropathology. Therefore, Zn2+ supplementation – although necessary for 

the elderly - might not lead to desired outcomes in individuals suffering from Alzheimer’s 

pathologic change. To circumvent this issue, direct activation of a zincergic GPR39 receptor 

could be a strategy worth pursuing, provided that the receptor was involved in regulating 

declarative memory. 

The effects of GPR39 KO on memory 

The question of whether the rodent form of episodic memory (ELM) is vulnerable to 

aging and whether GPR39 modulates ELM was addressed in Experiments 1-2 of this work. In 

male mice spatiotemporal integration of ELM was absent in old WT mice and remained intact 

in adult and middle-aged WT mice, while GPR39 KO caused a complete lack of spatiotemporal 

integration at all 3 developmental stages (Fig. 6). A similar pattern was present in the MWM 

test, with an impairment of spatial memory in all GPR39 KO age groups as well as in old WT 

male mice (Fig. 8).  

Previous studies suggest a notion that the deleterious impact of a constitutive GPR39 

KO on hippocampus-dependent declarative memory (i.e. both ELM and spatial memory) 

observed in male mice in Experiment 1 could be mediated by an activity-independent 

mechanism. Due to high metabolic demands and modest antioxidant defense, neurons are 

susceptible to oxidative insults and endoplasmatic reticulum stress, which play an important 

role in neurodegeneration (Cobley, Fiorello and Bailey, 2018). Pronounced ligand-independent 

activity of the GPR39 through G12/13 – Rho kinase – serum response element–dependent 

transcription (Holst et al., 2004) promotes neuroprotection in response to both of the 

abovementioned stressors in hippocampal neurons in vitro (Dittmer et al., 2008). Although a 

relationship between age, genotype and antioxidant response - as measured by glutathione 

peroxidase 1 mRNA (Gpx1) levels in the hippocampi – was present in Experiment 1, it could 

not explain the ELM test results (Fig. 10B). It did however confirm that GPR39 modulates age-

related changes in the gene expression an enzyme responsible for neutralization of H2O2, with 
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most prominent effect in old male mice, where lack of the receptor caused an upregulation of 

Gpx1 compared to old WT littermates (Fig. 10B). 

GPR39 also regulates the response to oxidative insults (H2O2) in an activity-dependent 

manner by promoting ERK1/2 phosphorylation and the expression of clusterin (Abramovitch-

Dahan et al., 2016) - a chaperone glycoprotein, mutations of which influence the progression 

of stages on AD continuum (Lacour et al., 2017). Moreover, the prosurvival role of GPR39 has 

been shown to be experience-dependent, as GPR39 KO blocked an increase of survival rates of 

newborn granule cells in the subventricular zone of the dentate gyrus, caused by environmental 

enrichment in male mice (Chrusch, 2015). Numerous studies have shown that one of the 

mechanisms behind the neuroprotective effects of environmental enrichment on hippocampal 

neurons is an increase of antioxidant response, and that these effects are observed throughout 

the entire lifespan in rodents (Fernández et al., 2004; Mármol et al., 2015; Griñan-Ferré et al., 

2016; Kang et al., 2016). Although plausible, this line of reasoning may however not be 

applicable to the effects of Experiment 1. Firstly, Chrusch (2015) also showed that GPR39 KO 

had no effect on the survival of granule cells in male mice housed in standard conditions 

(Chrusch, 2015), which was the case in Experiment 1. Secondly, changes in hippocampal 

clusterin (Clu) and ERK2 (Mapk1) mRNA levels, although modulated by animals’ age and 

genotype, could not explain the ELM test results in Experiment 1, perhaps with the exception 

of adult mice, where GPR39 KO caused a downregulation of both genes (Fig. 10A; Fig. 9C). 

In fact, none of the observed differences in gene expression corresponded to ELM test results 

across both age and genotype factors, which may be due to the fact that before collecting the 

hippocampi, mice underwent two additional behavioral procedures (Fig. 5), and therefore only 

large and sustained effects could be captured in such experimental design. Having said that, it 

is worth noting that the MWM spatial memory (SM) test, which was performed as the last of 

the 3 tests (Fig. 5), yielded results analogous to ELM (Fig. 8). Combined with no effects of 

GPR39 KO on procedural memory (Fig. 7), which was assessed between ELM and MWM (Fig. 

5), this pattern strongly suggests that GPR39 selectively modulates hippocampus-dependent 

declarative memory in male mice, although the molecular mechanisms behind this effect remain 

to be elucidated. 

In female WT mice, spatiotemporal integration was absent regardless of the animals’ 

age (Experiment 2, Fig. 12) suggesting sex differences exist with respect to ELM – at least as 

measured by the task used in this work. The same can be stated with regard to procedural 

memory, since the effects of retention delay were opposite in males and females in all 3 age 

groups (Fig. 4 and 10). Moreover, adult female GPR39 KO mice displayed a trend towards 
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presence of the spatiotemporal integration of ELM (Fig. 12), which was absent in adult male 

GPR39 KO mice (Fig. 6). We also observed that the effects of GPR39 agonist on ELM deficit 

of old WT female mice (Fig. 15) were weaker than in male conspecifics of similar age (Fig. 

14), and affected only the spatial component of ELM. This pattern of results is consistent with 

lesser dependence of female hippocampi on zincergic neurotransmission (Lee et al., 2004), and 

the fact that zinc acts as a positive allosteric modulator (PAM) of TC-G 1008 activity at GPR39 

(Sato et al., 2016). However, since we did not control for the stage of the estrous cycle at which 

behavioral testing was performed, it is impossible to interpret the observed sex differences in 

terms of hormone levels. Nevertheless, we replicated better performance of adult female from 

male WT mice in the rotarod test (Oliveira et al., 2015), and extended these results by showing 

that – in contrast to male mice – PM of WT female mice does benefit from a retention delay at 

middle- and old-age developmental stages (Fig. 10). Importantly, GPR39 KO had no effect on 

PM regardless of animals’ sex or age. The question of sex differences in MWM performance 

of WT and GPR39 KO mice remains open, but it is worth noting that studies on ZnT3 KO 

female mice suggest that – contrary to male mice – they do not show cognitive abnormalities 

in the test (Thackray, McAllister and Dyck, 2017). 

 

Comparison of the effects of GPR39 KO with pharmacological activation of 

GPR39 on declarative memory 

GPR39 KO affected spatiotemporal integration of ELM in male mice, while acute 

pharmacological activation of the receptor recovered temporal and spatial components of ELM, 

but had no effect on spatiotemporal integration in old male WT mice (Experiment 3, Fig. 14). 

Even after taking into account the different neurobiological consequences of constitutive vs 

ligand-dependent activity of GPR39 (discussed in: Rychlik and Mlyniec, 2019), the results from 

male mice may seem counterintuitive. Due to the lack of spatial and temporal components in 

male WT mice in Experiment 1 (which is a pattern sometimes observed in healthy mice in the 

ELM paradigm: Belblidia et al., 2015), we do not know if GPR39 KO caused a selective 

spatiotemporal, or a global ELM impairment. A speculative explanation of the observed pattern 

may be derived from neuropsychological ELM studies of hippocampal CA1 and CA3 areas’ 

contributions to ELM components in rodents. Disconnection of the mPFC and CA3 area impairs 

all 3 ELM components (De Souza Silva et al., 2016), while disconnection of mPFC and the 

CA1 area, which is downstream to CA3 in information processing (Fig. 2 and 3), disrupts only 

spatiotemporal integration and spares the temporal and spatial components (Chao et al., 2017). 
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Processing of information by the CA3 area is therefore a sine qua non condition for all ELM 

components, while the CA1 area seems solely responsible for spatiotemporal integration. The 

presence of spatiotemporal integration in adult and middle-aged WT mice in Experiment 1 

indicates that the functionality of both areas was preserved in these animals, even though the 

temporal and spatial components were absent. Two CA1-independent components were 

selectively improved by acute pharmacological activation of GPR39 in Experiment 3, and - at 

the same time - had no effect on CA1-dependent spatiotemporal integration (Fig. 14). This 

pattern suggests a CA3-driven effect of GPR39 pharmacological activation, and would also 

indicate a global ELM impairment in GPR39 KO animals in Experiment 1. Indeed, a recent 

study revealed that in mice exposed to a strong, acute stressor (forced swimming), GPR39 KO 

causes hyperactivity of mPFC, CA3 and CA1 areas (Sah, Kharitonova and Mlyniec, 2021) – 

pointing to the possibility of a global disruption of a network involved in ELM caused by 

GPR39 KO, but future studies are needed to elaborate this matter.  

Contrary to the effect of acute treatment (Experiment 3), chronic TC-G 1008 

administration (Experiments 8 and 9) did not rescue ELM (or SM) when animals were in an 

“off-drug” state (i.e. ~24 h after last injection). Desensitization of the GPR39 in response to 

chronic agonist treatment could explain this discrepancy; however, it has been previously 

shown that both acute and repeated administration of TC-G 1008 exert similar behavioral 

effects in an one-trial forced swimming test in mice (Starowicz et al., 2019). Therefore, another 

explanation of the contrasting results observed in the present study could be that 

pharmacological modulation of declarative memory via GPR39 relies on endogenous task-

dependent Zn2+ release. At the high concentrations (~100 μM) observed during synaptic 

transmission in the hippocampus (Assaf and Chung, 1984), Zn2+ acts as a PAM for TC-G 1008 

through the GPR39-Gαq-PLC pathway (Sato et al., 2016), which is primarily involved in 

GPR39-dependent regulation of hippocampal neurons’ activity (Besser et al., 2009; Chorin et 

al., 2011). PAM activity of the ion could therefore explain why TC-G 1008 affected ELM only 

when the compound was administered immediately before a memory test. The memory trace 

measured in the ELM task decays after an interval of  >2h from the 2nd exposition trial in mice 

(Belblidia et al., 2015) and GPR39-Gαq-PLC activation leads to the release of Ca2+ from 

endoplasmatic reticulum stores and ERK1/2 phosphorylation (Chorin et al., 2011), both of 

which act as second messengers in the intracellular processes necessary for long-term memory 

formation (Xia and Storm, 2012). Thus, in future studies it would be interesting to see whether 

acute GPR39 activation delays the ELM time decay, potentially leading to long-term ELM in 
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mice. However, results of this study strongly suggest use of drugs with verified selectivity – an 

issue discussed in the next paragraph.   

Sato et al. (2016) conducted a drug-receptor specificity assay to determine which of the 

G protein coupled receptors are activated by TC-G 1008 (and two novel GPR39 agonists) in 

the presence of Zn2+ (Sato et al., 2016). The authors concluded, that all three compounds “are 

highly specific agonists at GPR39” (ibidem). However, concerns have been raised about 

selectivity of GPR39 agonists, and a need to test these compounds in GPR39 KO animals has 

been emphasized (Grunddal et al., 2021). Although no behavioral effects of chronic TC-G 1008 

at a dose of 10 mg/kg were present in the present study (Experiment 8), the compound caused 

a downregulation of 5 of the 20 genes assessed in hippocampi of adult GPR39 KO male mice 

compared to their WT littermates under the same treatment (Fig. 22). All of the affected genes 

represented mechanisms previously associated with GPR39, such as inhibitory (Slc12a5 and 

Gabag2, Fig. 22C and D) or excitatory (Gria3, Fig. 22B) neurotransmission, synaptic plasticity 

(Creb1, Fig. 22E) and neuronal survival (Clu, Fig. 22A). This result calls for caution in 

interpreting the effects of pharmacological manipulations of GPR39 in this, as well as other 

studies utilizing TC-G 1008 and other known, but unverified, GPR39 agonists as a tool 

compound.    

The possible impact of stress 

Acute TC-G 1008 treatment did not exert any effect on ELM when consolidation of 

memory was disrupted in WT adult male mice in Experiment 5 (Fig. 16). The ELM CI paradigm 

was developed in order to confirm a promnesic, rather than a stress-resiliency-promoting, 

activity profile of drugs (Zlomuzica et al., 2007). The rationale was that since the stress of ip 

injections disrupts ELM (Kart-Teke et al., 2006), a drug effect in sub-optimal learning 

conditions would clearly indicate that cognitive functions were manipulated pharmacologically. 

Using a one-trial forced swimming test in mice, it has previously been shown that – in contrast 

to Zn2+ – acute TC-G 1008 modulates stress reactivity for up to 24h post injection; and, that 

chronic TC-G 1008 also decreases passive stress-coping in this test (Starowicz et al., 2019). 

Combined with the lack of TC-G 1008 effect in the ELM CI paradigm in Experiment 5 and the 

failure to replicate the presence of spatiotemporal integration in adult male WT mice after 

chronic vehicle treatment (possibly due to chronic ip injection stress) in Experiments 8 and 9, 

it therefore seems probable that better performance of old WT mice in standard ELM after TC-

G 1008 treatment in Experiment 3 was mediated by an interaction with affective and hormonal 

factors. Indeed, TC-G 1008 has recently been shown to be neuroprotective against 
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corticosterone-induced injury in a mouse hippocampal cell line (Mo et al., 2020). However, 

first effects of the drug on mRNA expression, as well as of corticosterone on cell viability, were 

observed after at least 12h of incubation in preliminary time-course studies, and therefore all 

assays were performed with a 24h incubation period (ibidem), which poses the question of 

whether neuroprotection against stress is an explanation applicable to the ELM experimental 

setup, where the final test was performed 3.5h after the injection. The use of information 

obtained in vitro to explain in vivo results is further complicated by the fact that acute injection 

of 10 mg/kg TC-G 1008 caused an upregulation of 2 genes responsible for excitatory (Gria2, 

Fig. 17) and inhibitory (Gabrb3, Fig. 17) neurotransmission after 0.5h in adult WT mice. 

Moreover, the GPR39-CREB-BDNF pathway, which was responsible for neuroprotection in 

vitro (Mo et al., 2020) was unaffected by acute TC-G 1008 injection. Therefore, the question 

of whether the beneficial effect of the drug on ELM of old WT mice in Experiment 3 was via 

stress-resiliency or procognitive effects remains unresolved. 

Stress-resiliency should also be altered by chronic TC-G 1008 treatment in Experiments 

8 and 9 in the ELM test, as well as the MWM task, which has been shown to be sensitive to the 

animals’ affective state (Hölscher, 1999). Yet, chronic drug treatment did not change neither 

SM nor ELM in both experiments. Since consolidation of episodic-like contextual fear memory 

is mediated by the CA1 area, rather than the CA3 area (Daumas et al., 2005), an alternative 

explanation of Experiment 3 results could be the aforementioned specificity of the locus of 

action of TC-G 1008 in the CA3 area. Notably, the CA1 area alone is also responsible for 

incremental spatial learning (Nakashiba et al., 2008), which is affected by complete depletion 

of synaptic Zn2+ in adult mice (Adlard et al., 2010), but was undisturbed in GPR39 KO animals 

in the MWM in Experiments 1 and 8, and remained unchanged by GPR39 agonist in 

Experiments 8 and 9.  

GPR39 KO and hyperactivity in the CA3 

The lack of incremental learning deficits combined with selective impairment of SM 

retrieval in MWM in GPR39 KO mice in Experiments 1 and 8 resembles previously reported 

effects of higher basal glutamate release (i.e. excitability) in the CA3 area of old WT mice 

(Hascup et al., 2017). GPR39 is responsible for ~25% of the metabotropic signaling-induced 

increase of intracellular Ca2+ levels in CA3 neurons in response to mossy fibers stimulation, 

which leads to ERK1/2 phosphorylation in pyramidal neurons (Besser et al., 2009). This affects 

the intrinsic excitability of these cells by upregulating the potassium-chloride co-transporter 

(KCC2), that maintains the inhibitory effect of GABAA receptor activation (Chorin et al., 2011). 
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It is also known, that the hippocampus remains hyperactive in GPR39 KO mice after an acute 

stressor (Sah, Kharitonova and Mlyniec, 2021) and successful postsynaptic inhibition of 

hippocampal pyramidal neurons is necessary for the preservation of memory in aging animals 

(Tran, Gallagher and Kirkwood, 2018). Therefore, hyperactivity of the hippocampus might 

have contributed to the MWM results observed in GPR39 KO adult mice in Experiments 1 and 

8. Further support for this hypothesis stems from the fact that 5 mg/kg of memantine 

administered for 24 days caused a SM deficit only in adult GPR39 KO mice in Experiment 8 

(no effect of 5 mg/kg of memantine on WT mice in the MWM was reproduced from a previous 

study, Saab et al., 2011). A higher dose of 25 mg/kg of memantine administered for 7 days has 

been shown to weaken the inhibitory effect of GABAA activation by downregulating KCC2 in 

the hippocampus (Molinaro et al., 2009). Therefore, the selective SM impairment in 

memantine-treated GPR39 KO mice in Experiment 8 would be consistent with a synergistic 

effect on the decreased inhibitory potential of hippocampal neurons, perhaps due to excessive 

loss of KCC2. The ex vivo gene expression studies do not confirm this hypothesis, as 

downregulation of Slc12a5 (the gene encoding KCC2) was present only in GPR39 KO mice 

after chronic TC-G 1008 (but not memantine) treatment (Fig. 22C), and SM remained intact in 

this group (Fig. 24). Furthermore, no clear alternative mechanistic explanation of the behavioral 

results of Experiment 8 stems from gene expression molecular experiments (Fig. 22). 

 

The effects of memantine on ELM 

No significant effects of acute extrasynaptic NMDAR antagonism caused by memantine 

on ELM or ELM CI, nor its modulation by GPR39 KO, were observed in Experiments 6 and 7 

(Fig. 18 and 19). Previous ELM studies showed that an acute dose of 15 mg/kg D-cycloserine 

(NMDAR partial agonist) rescues the CA3-dependent “when?” and “where?” components 

under normal conditions in rats (Kart-Teke et al., 2006), similarly to TC-G 1008 in old WT 

mice in the present study (Experiment 3). The promnesic effect of 20 mg/kg D-cycloserine on 

all components was also present in the ELM CI test in mice, although with the use of only a 

single object in the exposition trials (Zlomuzica et al., 2007). Notwithstanding the different 

pharmacodynamics and testing setup, the use of a low dose (5 mg/kg) could be a factor 

contributing to the lack of effect of acute memantine found in the current studies. The presence 

of a spatial component of ELM only in adult WT and GPR39 KO mice chronically treated with 

5 mg/kg memantine in Experiment 8, and a trend towards the presence of the same component 

in adult GPR39 KO mice after acute memantine administration in Experiment 7, indeed 
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suggested that the drug could impact ELM at higher doses. This hypothesis was tested in 

Experiment 9, where 10 mg/kg of memantine was used in a chronic schedule. The complete 

lack of effect of a higher dose of the drug on ELM (Fig. 23) or SM (Fig. 24) corroborated 

previous findings, and possibly corresponds to the fact that the proposed mechanism of 

procognitive effects of memantine (Matsunaga et al., 2018) requires simultaneous 

overactivation of both synaptic and extrasynaptic NMDARs, with the latter being attenuated by 

the drug (Zhou et al., 2013). Although NMDAR overactivation cannot be excluded in the 

current studies, no effects of either GPR39 KO or BDNF HET manipulations were present with 

respect to the expression of the 3 NMDAR subunits tested ex vivo (i.e. Grin1, Grin2a and 

Grin2b). The only effect observed suggests that in BDNF HET hippocampi memantine has an 

opposite mode of regulating Grin1 expression to that of TC-G 1008 (Fig. 22C). 

 

GPR39, CREB and BDNF 

Previous in vivo KO studies suggested that GPR39 regulates the levels of BDNF via the 

CREB expression factor (Mlyniec et al., 2015), and pharmacological activation approach (with 

the use of TC-G 1008) in CD-1 mice yielded contradictory results, showing either higher 

hippocampal BDNF protein levels (Młyniec et al., 2016) or no effect of the drug  (Starowicz et 

al., 2019). Here, neither hippocampal BDNF mRNA nor protein levels were affected by GPR39 

KO (Experiment 1) or TC-G 1008 (Experiments 3, 8 and 9). Given the well-recognized 

interaction of stress with BDNF (Notaras and van den Buuse, 2020) it is possible that these 

differences stem from the fact that the procedures used in current studies were less stressful 

compared to previous studies. Nevertheless, the involvement of GPR39 in the regulation of 

CREB was replicated in the current study with respect to adult male mice, in which GPR39 KO 

caused a downregulation of Creb1 (Fig. 9A), but only when the animals were not exposed to 

chronic injection stress (Fig. 22E). In the latter conditions, TC-G 1008 also caused a 

downregulation of Creb1, but only in GPR39 KO mice (Fig. 22E), suggesting that the action of 

the drug is not selective for GPR39, and therefore may explain the previously mentioned 

inconsistencies in hippocampal BDNF levels (Młyniec et al., 2016; Starowicz et al., 2019), 

which are regulated by CREB.     

BDNF is consistently found to be decreased in serum (Ng et al., 2019; Xie et al., 2020) 

and cerebrospinal fluid (Du et al., 2018) of AD patients at advanced stages of the disease. Here 

- similarly to previous studies (Gururajan, Hill and van den Buuse, 2015; Grech et al., 2018) – 

decreased levels of the protein in BDNF HET mice (Fig. 26A) did not cause deficits in an object 
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novelty recognition paradigm (Fig. 23), but impacted spatial memory in the MWM (Fig. 24). 

Moreover, the effect was a quantitative difference, rather than loss of function in BDNF HET 

mice, possibly due to compensatory mechanisms, which are expected to be engaged in 

constitutive KO models. One candidate for such a mechanism is higher sensitivity of 

hippocampal neurons and changes in their oscillatory activity maintained by the GABAergic 

interneurons (Buzsáki, 2001), that are known to affect SM in the MWM test in mice (Wang et 

al., 2020). Both of these might have been modulated in Experiment 9 by the downregulation of 

the alpha 1 subunit of the GABAA receptor in BDNF HET hippocampi (Fig. 26B). This 

hypothesis is supported by the fact that GABAA activity in the hippocampus negatively 

regulates ERK1/2 phosphorylation, dendritic spine formation and spatial memory (Zheng et al., 

2009; Yoon et al., 2015), all of which are functions shared with BDNF. Notably, both of the 

genes encoding ERK kinases (i.e. Mapk1 and Mapk3) were upregulated in vehicle-treated 

BDNF HET hippocampi (Fig. 25A and B) lending further support to this idea. Lastly, it is worth 

noting that chronic memantine at a dose of 10 mg/kg caused a downregulation of CREB protein 

(Fig. 26C), and CREB-dependent Bdnf transcription (Fig. 25D), which is in stark contrast to 

the impact of the drug in chronic stress models, where memantine has an opposite effect on 

CREB and BDNF (Takahashi et al., 2018; Mishra, Hidau and Rai, 2021). This further 

underscores the abovementioned close interaction between stress and BDNF. 

Conclusions and future directions 

Since the interaction of Zn2+ with Aβ promotes neurodegeneration, the aim of this work 

was to establish whether a Zn2+-sensing GPR39 modulates memory, as direct targeting of the 

receptor could circumvent potential problems raised by Zn2+ supplementation in AD-prone 

individuals. The obtained results strongly suggest that GPR39 plays a role in declarative 

memory in rodents, however the lack of effect of prolonged pharmacological intervention 

directed at the receptor in both healthy and neurologically impaired (BDNF HET) mice calls 

for further investigation of the GPR39 as an add-on treatment target in AD continuum.  

Given the well-recognized bidirectional PAM activity of Zn2+ and GPR39 agonists (Sato 

et al., 2016) and pathway specificity of constitutive vs ligand-mediated activity of GPR39 

(Rychlik and Mlyniec, 2019), an interesting direction would be to develop neutral antagonists 

of GPR39 and compare their action to agonist compounds. Following the example of this and 

other works (Thackray, McAllister and Dyck, 2017; McAllister et al., 2020; Grunddal et al., 

2021) care should be undertaken in future studies to use tool compounds with verified 
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selectivity, assess their action at different developmental stages in both sexes, and with well-

controlled environmental stressors, as these factors modulate the effects of GPR39 

manipulations.  

Highlights 

 GPR39 modulates declarative, but not procedural memory in mice. 

 ELM is can be manipulated pharmacologically via GPR39 activation in male, rather 

than female mice. 

 Acute GPR39 activation does not rescue ELM when consolidation of memory is 

challenged. 

 Chronic GPR39 activation does not affect declarative memory of male mice. 

 GPR39 can interact with the action of chronic, but not acute NMDAR noncompetitive 

antagonist – memantine. 

 The biological effects of TC-G 1008 may not be a restricted to GPR39.    
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