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A B S T R A C T   

We have recently shown delayed increases in GABAB receptor (GABABR) subunit protein levels in 
the hippocampal dentate gyrus (DG), but not in the pyramidal CA1 and CA3 regions, at 15–30 
days after the systemic single administration of trimethyltin (TMT) in mice. An attempt was thus 
made to determine whether the delayed increases return to the control levels found in naive mice 
afterward. In the DG on hippocampal slices obtained at 90 days after the administration, how-
ever, marked increases were still seen in protein levels of both GABABR1 and GABABR2 subunits 
without significant changes in calbindin and glial fibrillary acidic protein (GFAP) levels on 
immunoblotting analysis. Fluoro-Jade B staining clearly revealed the absence of degenerated 
neurons from the DG at 90 days after the administration. Although co-localization was invariably 
detected between GABABR2 subunit and GFAP in the DG at 30 days on immunohistochemical 
analysis, GABABR2-positive cells did not merge well with GFAP-positive cells in the DG at 90 
days. These results suggest that both GABABR1 and GABABR2 subunits would be tardily and 
sustainably up-regulated by cells other than neurons and astrocytes in the murine DG at 90 days 
after a systemic single injection of TMT.   

1. Introduction 

Research on nerve tissue regeneration and transplant therapy for neurodegenerative diseases in the central nervous system is still at 
dawn. Alzheimer’s disease (AD) is a disease in which the loss of neurons in the hippocampus, which is important for memory for-
mation, is noticeable, resulting in a decline in cognitive function. Neural stem/progenitor cells reserve in the hippocampal dentate 
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gyrus (DG), and if their, i.e. patient’s, own cells can be artificially differentiated, AD should become a treatable disease. Trimethyltin 
(TMT), an organotin compound once used as a disinfectant and chemical stabilizer, is a neurotoxicant of which poisonings observed 
when humans consume it include memory loss, increased aggression, convulsions, and ataxia [1–3]. In murine brains, TMT damages 
the cerebral cortex, hippocampus, and olfactory bulb with particularly selective injures to granule cells in the DG [1,4]. In consistency 
with the loss and subsequent reconstruction of synaptic network in the DG, animals exhibited loss and regain of cognitive functions [5]. 
Since it proceeds in parallel to the proliferation of neural stem/progenitor cells in the dentate subgranular zone, TMT could be a useful 
compound to create a model for studying neural tissue regeneration at least in the DG. However, the intercellular networks that consist 
neural tissue are complex, so the efforts are required to collect detailed information and elucidate it. 

In our previous study [6], a single intraperitoneal injection of TMT resulted in marked increases in GABAB receptor (GABABR) 
subunit protein levels in the DG, but not in the CA1 and CA3 regions, at 15–30 days after the administration in mice. Marked decreases 
were seen in protein levels of glutamatergic receptor subunits and the mature neuron marker calbindin in the DG between 2 and 30 
days after the injection, in contrast, while expression profiles of GABABR2 subunit, but not GABABR1 subunit, were similar to those of 
the astroglial marker glial fibrillar acidic protein (GFAP) rather than the neuronal marker Tubulin-III within 30 days after the 
administration [6]. The view that GABABR belongs to the G-protein coupled receptor family with seven transmembrane domains and 
needs to form a heterodimer between two subunits such as GABABR1 and GABABR2 for active membrane signaling is prevailing [7]. 
The GABABR1 subunit has been believed to have an agonist binding site with the GABABR2 subunit for a G protein binding site [7]. 
Since our previous data argue in favor of an idea that GABABR subunits could be inducibly expressed in cells other than neurons after 
the neuronal damage by TMT, an attempt was made to evaluate expression profiles of both GABABR1 and GABABR2 subunit proteins in 
the DG afterward up to 90 days after the systemic administration of TMT in this study. 

2. Materials and methods 

2.1. Materials 

TMT was purchased from Fujifilm Wako Chemical Co. (Miyazaki, Japan). Fluoro-Jade B (FJB) was obtained from Nacalai Tesque 
(Kyoto, Japan). Western Lightning Chemiluminescence Reagent Plus was product of PerkinElmer (Waltham, MA). IgGs were pur-
chased from companies below: calbindin and GFAP (Cell Signaling Technology Inc., Danvers, MA), glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) and N-terminus of GABAB receptor R2 (GABABR2) subunit (Santa Cruz Biotechnology, Santa Cruz, CA). C- 
terminal regions of GABABR1 and GABABR2 subunits were produced as previously described [8]. Secondary antibodies used were 
anti-rabbit IgG conjugated with Alexa Fluor® 555 (Cell Signaling Technology Inc., Danvers, MA), anti-mouse IgG conjugated with 
FITC antibody (Sigma Chemicals, St. Louis, MO) and with Alexa Fluor® 488 (Thermo Fisher Scientific Inc., Waltham, MA) for 
immunohistochemistry, or horseradish peroxidase conjugated anti-rabbit IgG (Dakocytomation Carpinteria, CA), anti-chicken IgY 
(Jackson ImmunoResearch Inc., West Grove, PA) and anti-mouse IgG (GE Healthcare Life Sciences, Little Chalfont, United Kingdom) 
for immunoblot analysis. All other chemicals were of the highest purity available. 

2.2. Animals 

The protocol used here met the guidelines of the Japanese Society for Pharmacology and was approved by the Committee for 
Ethical Use of Experimental Animals at Setsunan University (K13–1, K14-1). Adult male Std-ddY mice weighing 25–30 g were housed 
in metallic breeding cages with a light–dark cycle of 12 h–12 h and a humidity of 55 % at 23 ◦C and given free access to food and water. 
After habituation under these breeding conditions for a week, mice were intraperitoneally administrated with TMT at 2.8 g/kg. The 
same volume of PBS as the TMT solution was administrated to the other mice, hereinafter collectively referred to as "Naive". By 
conducting a follow-up study for 90 days, three times as long as the previous report (30 days) [6], we investigated whether the effects 
of TMT administration had completely recovered. 

2.3. Immunoblot analysis 

Hippocampus dissociated from mouse brain was immediately sliced by a tissue slicer (model 51425, Stoelting, IL) with a thickness 

Abbreviations 

AD Alzheimer’s disease 
ANOVA one-way analysis of variance 
DG dentate gyrus 
FJB Fluoro-Jade B 
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RT room temperature  

Y. Onishi et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e29713

3

at 500 μm for immunoblot analysis. For immunoblot analysis, the DG was dissected under a microscope and those preparations from 
both hemispheres were collected together and lysed by sonication in 10 mM phosphate buffered saline (pH 7.0) containing 2 % SDS 
together with (mM) orthovanadate (1.0), sodium pyrophosphate (10), sodium fluoride (50), EGTA (5), EDTA (5) and NaCl (100) for 
SDS-PAGE according to the procedures described previously [6]. Briefly, 10 μg protein aliquots were subjected to electrophoresis and 
migrated proteins were transferred onto PVDF membranes (Merck Millipore, Darmstadt, Germany). The membranes were incubated 
with 5 % skim milk for 1 h, with the desired primary antibodies for 2 h, and with horseradish peroxidase-conjugated secondary an-
tibodies for 1 h at RT. The antibody-specific immunoreactive bands were detected on X-ray film using Western Lightning Chem-
iluminescence Reagent Plus. In order to confirm the data shown in our previous study [6], entirely another set of experiments was 
designed to validate experimental protocols in this study. 

2.4. Histological analysis 

For histological analysis, mice were deeply anesthetized with chloral hydrate (500 mg/kg, i.p.), followed by perfusion via the heart 
with saline and then with 4 % (wt/vol) paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4). Brains were quickly removed 
and fixed overnight at 4 ◦C in the same fixative solution as above. The fixed brains were embedded in paraffin, and sagittal sections 
with a thickness of 2 μm were prepared using a microtome [6]. In FJB staining for degenerative neurons, 0.0002 % FJB in 0.1 % acetic 
acid was reacted with the section for 1 h at room temperature (RT). For immunohistochemistry, the sections were incubated with 5 % 
(vol/vol) goat serum for 1 h at RT, with the desired primary antibodies overnight at 4 ◦C, and with fluorescent dye-conjugated sec-
ondary antibodies for 1 h at RT [6]. 

2.5. Data analysis 

Densitometric analysis for quantification of immunoreactive bands was carried out using Atto Densitograph software (Atto Co., 
Tokyo, Japan). Data were expressed as means ± S.E., one-way analysis of variance (ANOVA) was evaluated (for supplementary table), 
and statistical significance was determined using Dunnett’s test. 

3. Results 

To confirm the neurotoxicity of TMT, immunoblot analysis was performed on lysates prepared from the DG in hippocampal slices 
obtained at different days up to 90 days after the systemic administration (Fig. 1). Protein levels of calbindin, a marker of mature 
neurons, and GFAP, a marker of astrocytes, significantly decreased and increased respectively within 10 days after TMT as shown 
previously [6]. These significant alterations individually remained even at 30 days after the administration, but returned to each 
control level by 90 days later. By contrast, both GABABR1 and GABABR2 subunit protein levels significantly and sustainably increased 
in the DG from 10 to 90 days after TMT. Accordingly, expression profiles of both GABABR1 and GABABR2 subunits did not well 

Fig. 1. Levels of protein expression in DG after TMT. Animals were given TMT (2.8 mg/kg, i.p.) and decapitated at different days after the 
administration. Hippocampus was subjected to dissection of the DG, which was lysed for determination of calbindin, GFAP, GAPDH, GABABR1 and 
GABABR2 on immunoblotting analysis. Experiments were independently repeated 5–9 times. *P < 0.05, **P < 0.01, significantly different from the 
untreated control “0” (Dunnett’s test). 
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coincide with those of either calbindin-positive neurons or GFAP-positive astrocytes in the hippocampal DG at 90 days after the single 
administration of TMT in mice. In consistency with decreased calbindin levels, degenerated neurons stained by FJB appeared within 2 
days after the administration and disappeared by 90 days later in the granule cell layer (Fig. 2). However, no FJB-positive signals were 
detected in the CA1 of hippocampal slices obtained at 1–90 days after the administration of TMT at all (data not shown). These results 
suggest the possible delayed and sustainable expression of both GABABR1 and GABABR2 subunits by cells other than calbindin-positive 
neurons and GFAP-positive astrocytes in the DG at 90 days after a single injection of TMT. 

Fig. 2. Fluoro-Jade B signals in hippocampal sections at different days after TMT. Animals were given TMT (2.8 mg/kg, i.p.) and then fixed for 
sagittal sections on different days up to 90 days after the administration. Sections were stained with FJB and photos were taken around areas of the 
a) DG and b) CA3 region. There was no FJB signals in sections obtained on 90 days after the administration (Scale bar: 100 μm). M: molecular layer, 
G: granule cell layer, H: hilus, O: stratum oriens, P: pyramidal cell layer, L: stratum lucidum, R: stratum radiatum. 
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An attempt was thus made to further confirm the expression of GABABR2 subunit in cells other than astroglia at a late phase of TMT 
neurotoxicity in the murine DG. As GABABR1a and GABABR1b subunits were not detected in cells immunoreactive to GFAP, MAP-II or 
Tubulin-III in the DG at 30 days after the administration [6], we decided to focus on the evaluation of possible co-localization of only 
GABABR2 subunit with GFAP-positive cells in the DG in this study. In hippocampal sections obtained at 30 days after the adminis-
tration (Fig. 3, upper panels), GABABR2 subunit was found in most cells expressing GFAP as shown previously [6]. In hippocampal 
sections obtained at 90 days after the administration of TMT (Fig. 3, lower panels), double positive cells for both GABABR2 subunit and 
GFAP were also detected in the hilus area, granule and molecular layers as seen in those at 30 days after the administration. Although 
GABABR2-positive signals were highly detected in cells with a fibrous shape without GFAP-positive signals in the granule layer on 
sections at 90 days after the administration, in contrast, GFAP-positive signals were solely seen in cells with neuron-like morphology. 

4. Discussion 

Several independent lines of evidence indicate the constitutive and inducible expression of both GABABR subunits by microglial 
cells derived from macrophages in the brain. For example, GABABR1a, GABABR1b and GABABR2 subunits were all found in astrocytes 
and activated microglia besides neurons, but not in myelin-forming oligodendrocytes, in the rat CNS [9]. A GABABR agonist is shown to 
attenuate the release of interleukins by lipopolysaccharide in cultured microglia expressing both GABABR subunits [10]. In transgenic 
mice expressing a fluorescent Ca2+ indicator specifically in microglia, electrical stimulation of the Schaffer collateral fibers led to 
marked Ca2+ responses in astrocytes followed by subsequent similar responses in microglia afterward in the hippocampus in a 
tetrodotoxin-sensitive manner during early postnatal stages [11]. These microglial Ca2+ responses were abolished not only by 
astrocytic glutamate uptake blockade but also by microglial GABABR antagonism [11]. The possibility that both GABABR subunits 
would be slowly expressed by microglial cells induced after the neurotoxic burden by TMT later than in astrocytes as a neuro-
inflammatory response in the brain is not ruled out. Indeed, astrocytes are shown to synthesize and secrete GABA to communicate with 
adjacent microglial cells through both GABAAR and GABABR [12]. 

To our knowledge, this is the first direct demonstration of long-lasting and sustainable increases in both GABABR subunit protein 
levels in the murine hippocampal DG up to 90 days after a single injection of TMT. Co-localization of GABABR subunits with several 
microglial markers, however, should be evaluated in hippocampal preparations obtained at 90 days after the administration in future 
studies. The reason and mechanism for the current delayed and long-lasting upregulation of each GABABR subunit in the DG after TMT 
intoxication are not clarified so far. Moreover, the inconsistent co-localization profile between GABABR1 and GABABR2 subunits [6] 
gives rise to an idea that each subunit would be endowed to orchestrate a functional homodimer required for modulation of adenylyl 
cyclase as a member of G-protein-coupled receptor family in the brain [13]. The absence of both GABABR1a and GABABR1b subunits 
from cells stained with GABABR2 subunit and GFAP in the DG at 30 days after the administration of TMT [6] discouraged us to examine 
the possible co-localization of each GABABR1 subunit with GFAP-positive cells in the DG at 90 days after the administration in this 
study. It is thus conceivable that GABA could play a role other than a neurotransmitter through a mechanism relevant to constitutive 

Fig. 3. Distribution of GABABR2 subunit in DG at 30 and 90 days after TMT. Animals were given TMT (2.8 mg/kg, i.p.) and then fixed on 30 or 90 
days after the administration, which were subjected to immunostaining for GABABR2 (red) together with GFAP (green). Photos were taken around 
the area of the DG (Scale bar: 100 μm). Enlarged inset photos were obtained from an area of the dentate hilus (Scale bar: 20 μm). 
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and inducible expression of GABABR subunits by cells of diverse phenotypes including neurons, astrocytes and microglia in response to 
a variety of endogenous and exogenous signal inputs in the brain. 

Microglial activation after TMT was observed in the CA regions of rats and persisted for 2 months [14]. A possible microglial 
marker, endothelial monocyte-activating polypeptide-II expression was increased in the CA regions after TMT, peaking at 21 days and 
returning to baseline by 35 days [15]. In these reports, the response was not in the DG but in the CA regions, and furthermore, there is 
no mention of the regeneration process in the CA1 regions. As the effects of TMT differ between rodents, cares must be taken when 
applying it to humans. On the other hand, our mouse model can be said to be an excellent research model if used as a model for 
neurodegeneration and regeneration in the DG. In our preliminary study, protein expression of the microglial marker Iba1 and 
Iba1-positive cells significantly increased in the DG by day 5 after TMT, although these returned to baseline or disappeared by day 30 
(data not shown). Therefore, GABABR2 is unlikely to be co-stained with Iba1-positive cells, so this study has not been carried out. 
Among the six types of microglial markers, Iba1-negative cells play a role in the survival and differentiation of neural stem cells in the 
lateral subventricular zone and in the migration of neuroblasts to the olfactory bulb through the rostral migratory stream [16]. 
Iba1-negative microglia is also present in the subgranular zone of the DG probably also to support neurogenesis in the DG [16]. 
Therefore, our next goal would be to investigate the possibility that GABABR2-positive cells are expressed in the minority but messianic 
microglia. 

Activation of GABABRs in neurons may contribute to resistance to neurofibrillary tangle formation [17]. GABAB agonists promoted 
proliferation and neuronal differentiation in neural progenitor cells that expressed both R1 and R2 subunits, but not in R1-null cells 
[18]. Decreased GABABRs on macrophages leads to several changes observed in AD model mouse [19]. Those suggest that GABAB 
receptors in the hippocampus play an important role in suppressing in neurodegeneration and probably regeneration in the AD brain. 
Microglia are more abundantly observed in the DG in postmortem brains of AD patients [20]. There are two states of microglia: M1, 
which is associated with pro-inflammation, and M2, which is associated with anti-inflammation. Although the cytokines released by 
each state of cells are different, both are iba1 positive [21]. The iba1-negative microglia are cells involved in neurogenesis [16], and 
their role in AD brain remains largely unknown. The GABABR2-positive microglia may provide a clue to solving the identity of these 
cells. The temporary increase in microglia observed upon administration of TMT to rodents appears to be in response to the 
TMT-induced inflammation and ultimately to end inflammation [14,15]. In our study, TMT-induced damages in the mouse DG 
seemingly resolves by 30 days [6]. Day 90 should be a further regeneration stage post neuroinflammation. Homodimers of GABABR2 
subunits are capable of localizing to membranes [22] and G-protein coupled receptors can exert their functions through membrane 
expression itself, and agonists can enhance their effects [23] so that those may thereby regulate adenylate cyclase activity. Therefore, it 
will be necessary to explore whether there are cells that express GABABR2 alone and what function it exerts. 

5. Conclusion 

In the TMT-treated mouse model in which transient neurodegeneration and regeneration can be observed, GABABR2-positive cells 
constitutively appeared in the DG, suggesting that they may direct the complete maturation of neural tissue during the regenerative 
process. The cells may be microglia which have not been fully understood but have properties supporting neuronal maturation. 
Although the results of this research will not directly lead to the treatment of AD, there is no doubt that elucidating this will provide a 
stepping stone to the development of regeneration and transplantation treatments for various neurodegenerative diseases, including 
AD. 
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[16] V. Stratoulias, J.L. Venero, M.È. Tremblay, B. Joseph, Microglial subtypes: diversity within the microglial community, EMBO J. 38 (17) (2019) e101997, 
https://doi.org/10.15252/embj.2019101997. Sep. 2. 

[17] M. Iwakiri, K. Mizukami, M.D. Ikonomovic, M. Ishikawa, S. Hidaka, E.E. Abrahamson, S.T. DeKosky, T. Asada, Changes in hippocampal GABABR1 subunit 
expression in Alzheimer’s patients: association with Braak staging, Acta Neuropathol. 109 (5) (2005) 467–474, https://doi.org/10.1007/s00401-005-0985-9. 
May. 

[18] M. Fukui, N. Nakamichi, M. Yoneyama, S. Ozawa, S. Fujimori, Y. Takahata, N. Nakamura, H. Taniura, Y. Yoneda, Modulation of cellular proliferation and 
differentiation through GABA(B) receptors expressed by undifferentiated neural progenitor cells isolated from fetal mouse brain, J. Cell. Physiol. 216 (2) (2008) 
507–519, https://doi.org/10.1002/jcp.21422. Aug. 

[19] A.M.L. Osse, R.S. Pandey, R.A. Wirt, A.A. Ortiz, A. Salazar, M. Kimmich, E.N. Toledano Strom, A. Oblak, B. Lamb, J.M. Hyman, G.W. Carter, J. Kinney, 
Reduction in GABAB on glia induce Alzheimer’s disease related changes, Brain Behav. Immun. 110 (2023) 260–275, https://doi.org/10.1016/j. 
bbi.2023.03.002. May. 

[20] Y.L. Rao, B. Ganaraja, B.V. Murlimanju, T. Joy, A. Krishnamurthy, A. Agrawal, Hippocampus and its involvement in Alzheimer’s disease: a review, 3 Biotech. 12 
(2) (2022) 55, https://doi.org/10.1007/s13205-022-03123-4. Feb. 

Y. Onishi et al.                                                                                                                                                                                                         

https://doi.org/10.1016/j.heliyon.2024.e29713
https://doi.org/10.1016/0925-4927(90)90017-z
https://doi.org/10.1007/s00401-005-0985-9
http://refhub.elsevier.com/S2405-8440(24)05744-X/sref3
http://refhub.elsevier.com/S2405-8440(24)05744-X/sref3
https://doi.org/10.1016/s0006-8993(01)02675-0
https://doi.org/10.1002/jnr.20678
https://doi.org/10.1007/s11064-022-03652-7
https://doi.org/10.1007/s11064-022-03652-7
https://doi.org/10.1152/physrev.00036.2003
https://doi.org/10.1016/j.neuron.2006.12.015
https://doi.org/10.1016/s1044-7431(03)00162-3
https://doi.org/10.1016/s1044-7431(03)00162-3
https://doi.org/10.1016/j.mcn.2003.10.023
https://doi.org/10.1016/j.celrep.2021.110128
https://doi.org/10.1002/glia.21087
https://doi.org/10.1002/glia.21087
https://doi.org/10.1006/mcne.1999.0741
https://doi.org/10.1016/s0736-5748(99)00111-2
https://doi.org/10.1006/exnr.2002.7985
https://doi.org/10.1006/exnr.2002.7985
https://doi.org/10.15252/embj.2019101997
https://doi.org/10.1007/s00401-005-0985-9
https://doi.org/10.1002/jcp.21422
https://doi.org/10.1016/j.bbi.2023.03.002
https://doi.org/10.1016/j.bbi.2023.03.002
https://doi.org/10.1007/s13205-022-03123-4


Heliyon 10 (2024) e29713

8

[21] V. Hernandez-Rabaza, A. Cabrera-Pastor, L. Taoro-Gonzalez, A. Gonzalez-Usano, A. Agusti, T. Balzano, M. Llansola, V. Felipo, Neuroinflammation increases 
GABAergic tone and impairs cognitive and motor function in hyperammonemia by increasing GAT-3 membrane expression. Reversal by sulforaphane by 
promoting M2 polarization of microglia, J. Neuroinflammation 13 (1) (2016) 83, https://doi.org/10.1186/s12974-016-0549-z. Apr 18. 

[22] S.J. Thuault, J.T. Brown, S.A. Sheardown, S. Jourdain, B. Fairfax, J.P. Spencer, S. Restituito, J.H. Nation, S. Topps, A.D. Medhurst, A.D. Randall, A. Couve, S. 
J. Moss, G.L. Collingridge, M.N. Pangalos, C.H. Davies, A.R. Calver, The GABA(B2) subunit is critical for the trafficking and function of native GABA(B) 
receptors, Biochem. Pharmacol. 68 (8) (2004) 1655–1666, https://doi.org/10.1016/j.bcp.2004.07.032. Oct 15. 
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