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Abbreviations 

 

ACM astrocyte conditioned medium 

ACSF artificial cerebrospinal fluid  

AR adrenoceptor 

BBB blood-brain barrier  

CCL2 C-C motif chemokine ligand 2 

CNS central nervous system 

CREB cAMP response element binding protein  

DAMP damage-associated molecular pattern 

ELISA enzyme-linked immunosorbent assay  

ERK extracellular signal-regulated kinase  

EU endotoxin unit 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

GFAP glial fibrillary acidic protein 

i.p. intraperitoneal 

IL-1β interleukin 1 beta 

IL-6 interleukin 6 

JNK c-Jun N-terminal kinase  

LPS lipopolysaccharide 

MAPK mitogen-activated protein kinase  

NF-κB nuclear factor-kappa B 

NORT novel object recognition test  

OLRT object location recognition test 

PBS phosphate-buffered saline  

PC principal component  

PFA paraformaldehyde 

PKA protein kinase A  

PKC protein kinase C 

RT room temperature 

STAT3 signal transducer and activator of transcription 3 

TLR4 toll-like receptor 4 

TNF-α tumor necrosis factor-α 
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Preface 

 

 Mental disorders have become a major public health burden in many countries 

and are estimated to cause a loss of US $16 trillion over 20 years in the global economy 

(Patel et al., 2018). The monoamine hypothesis has been considered to be an underlying 

mechanism of mental disorders for more than half a century (Hirschfeld, 2000). The 

monoamine hypothesis is a theory that proposes a link between the levels of certain 

neurotransmitters called monoamines (including serotonin, dopamine, and 

noradrenaline) that control basic emotions (O’Connor et al., 2014), and mental disorders, 

such as depression, bipolar disorder, anxiety disorder, and schizophrenia (Hindmarch, 

2002; Lee et al., 2010). Antidepressants and antipsychotics have been developed based 

on this hypothesis, but many patients are refractory to treatments targeting this 

regulatory mechanism, supporting the likelihood of other regulatory mechanisms such 

as the neuroinflammation, neuroplasticity, and neurogenesis hypotheses (O’Connor et 

al., 2014; Boku et al., 2018). However, it's important to note that each hypothesis can not 

completely explain the complex etiology of mental disorders, and comprehensive 

investigations of these different aspects are needed to understand the mechanisms 

underlying mental disorders.  

 In recent years, it has been suggested that neuroinflammation and monoamine 

are related to each other in terms of the etiology of mental disorders. It is becoming 

increasingly evident that neuroinflammation causes monoamine deficiencies: 

proinflammatory mediators released from activated glial cells cause neurodegeneration 

and/or neuronal death, leading to impaired monoamine-mediated neurotransmission 

(Nakamura, 2022; Jellinger, 2023). Whereas, even mild and acute neuroinflammation 

that does not cause neurodegeneration induces behavioral abnormalities in some mouse 

models (He et al., 2013; Bambico et al., 2015; Qu et al., 2022), suggesting the existence 

of mechanisms that cause abnormal monoaminergic transmission without 

neurodegeneration. Although some studies have shown that neuroinflammation alters 

the expression of monoamine metabolic enzymes or transporters that lead to behavioral 

abnormalities (Murdaca et al., 2022; Bellavite, 2023), these reports fail to explain the 

pathogenesis in patients who are refractory to antidepressants that are assumed to work 

by increasing the concentration of monoamines in the synaptic cleft.  

 In the present study, I focus on proinflammatory cytokine production and cell 

morphology in glial cells as elements linking the monoamine and neuroinflammation 

hypotheses in terms of the pathogenesis of mental disorders. Proinflammatory cytokines 
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released by glial cells act not only as immune factors, but also can directly regulate 

neuronal firing, like neurotransmitters and gliotransmitters (Lawrence et al., 2023). 

Glial cell processes regulate the levels of releasing factors in the extracellular space 

including neurotransmitters and cytokines in a spatiotemporal manner via rapid 

elongation and retraction of their processes in response to stimuli (Augusto-Oliveira et 

al., 2019; Woodburn et al., 2021; Lawrence et al., 2023). Furthermore, the enhanced 

cytokine production and changes in the process morphology of glial cells are 

characteristic features of neuroinflammation, and are dependent on the degree and 

progression of inflammation (Augusto-Oliveira et al., 2019; Woodburn et al., 2021; 

Lawrence et al., 2023). Thus, proinflammatory cytokines and process morphology of glial 

cells may regulate the neurotransmission. However, it remains unclear how the 

pathological characteristics of glial cells in neuroinflammation, especially cytokine 

production and morphology, progress over time and how they are associated with 

behavioral abnormalities. Furthermore, many studies have not considered the 

possibility that changes in monoamine levels may affect neuroinflammation, and the 

mechanisms by which cytokine production and their morphology are regulated, 

particularly the involvement of monoamines, is also unclear. 

 In Chapter I, I aimed to elucidate behavioral abnormalities and the 

pathophysiology of neuroinflammation using the lipopolysaccharide (LPS)-injected 

mouse model, which is often used as a model for the neuroinflammation hypothesis. In 

particular, to clarify the pathophysiology following acute inflammatory responses 

induced by LPS, I focused on the expression of proinflammatory cytokines and 

morphological features in glial cells while recovering systemic symptoms. In Chapter II, 

the primary cultured astrocytes were used to elucidate the mechanisms by which 

monoamines regulate proinflammatory cytokine interleukin-6 (IL-6) expression and 

process formation. In particular, the receptors and intracellular mechanisms involved in 

their regulation were pharmacologically investigated. Elucidating these problems can 

lead to novel understandings of the pathophysiology of mental disorders which 

demonstrates the relationship between the monoamine hypothesis and the 

neuroinflammation hypothesis. In addition, the findings may provide a basis for the 

development of new therapies. 
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Chapter I: 

Short-term memory impairment following recovery from systemic 

inflammation induced by lipopolysaccharide in mice 

 

 Introduction 

 

 The relationship between neuroinflammation and mental disorders has been 

recognized and investigated for over 30 years (Maes et al., 1992; Roohi et al., 2021). 

Clinical studies have demonstrated that patients with systemic or peripheral 

inflammatory diseases such as sepsis, enteritis, periodontitis, and infection are at 

increased risk for mental disorders such as major depressive disorder, dementia, 

schizophrenia, and Alzheimer’s disease (Arias et al., 2012; Davydow et al., 2013; Choi et 

al., 2019; Sharma et al., 2021). In addition, meta-analyses have revealed that brain and 

blood levels of inflammatory factors are increased in patients with mental disorders 

(Yuan et al., 2019; Dunn et al., 2020).  

 To elucidate the pathogenesis of these debilitating diseases, several rodent 

models of inflammation-induced mental disorders have been developed (Nazem et al., 

2015; Na and Krishnamoorthy, 2021; Tamura et al., 2022). Among these models, systemic 

administration of LPS, a bacterial toxin, is often used, and LPS-injected mice exhibit 

abnormalities such as depression-, anxiety-, and cognitive disorder-like behavior with 

neuroinflammation in some contexts (Song and Wang, 2011; Hoogland et al., 2015). Acute 

glial cell activation with morphological changes is observed within 24 hours of LPS 

injection (Bowyer et al., 2020), and plays a central role in neuroinflammation. Several 

studies reveal that microglia, the brain’s resident innate immune cells, are activated by 

LPS, resulting in increased production of proinflammatory cytokines and enhanced 

phagocytosis (Fricker et al., 2012; Lively and Schlichter, 2018; Jiang et al., 2022). 

Additionally, reactive astrocytic response to LPS increases the permeability of blood-

brain barrier (BBB) triggering more drastic neuroinflammation, and changes the 

balance between the release and uptake of neurotransmitters in tripartite synapses 

(Pascual et al., 2012; Peng et al., 2021). Activated glial cells can accelerate 

neurodegeneration, resulting in functional impairment via disturbed synaptic plasticity, 

neural connectivity, and neurotransmitter balance (Almeida et al., 2020; Bennett and 

Viaene, 2021). Therefore, it is important to elucidate and control the pathogenesis of 

LPS-induced neuroinflammation, especially glial cell activation, for the treatment 

development. 
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 However, these studies using the LPS model are unlikely to recapitulate the 

clinical pathophysiology of human patients, as most studies focus on the acute 

inflammatory response occurring within 24 hours of LPS injection (Yin et al., 2023). This 

compromises clinical relevance for two reasons: the timepoint of previous studies using 

the LPS model is unlikely to be consistent with human disease progression; for example, 

clinical sepsis and peritonitis patients develop cognitive dysfunction after recovery from 

acute symptoms (Hernandez-Ruiz et al., 2022; Li et al., 2022). Secondly, the results of 

behavioral tests conducted within 24 hours after LPS injection could be affected by both 

aberrations in brain function and systemic deficits, as significant systemic symptoms 

can occur in these rodent models. Therefore, behavioral tests should be conducted at 

least a few days following LPS challenge, after recovery from systemic and acute 

symptoms, and the time course of neuroinflammatory conditions during the period 

should also be investigated. 

 In the present study, I conducted several behavioral tests for the purpose of 

elucidating behavioral abnormalities in LPS-injected mice following recovery from 

systemic and acute symptoms. I subsequently investigated the hippocampal CA1 region, 

which is associated with short-term memory, and comprehensively investigated the 

pathological sequalae of neurons, astrocytes, and microglia to elucidate the underlying 

regulatory mechanisms for the pathogenesis. 
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 Materials and methods 

 

 Animals 

 Prior to initiating studies, all animal care and experimental protocols were 

approved by the Committee on Animal Experimentation, Faculty of Veterinary Medicine, 

Hokkaido University (No. 19-0079), which was awarded Accreditation Status by the 

Association for Assessment and Accreditation of Laboratory Animal Care International 

(AAALAC International). C57BL/6N mice were obtained from CLEA Japan (Tokyo, 

Japan). All mice were maintained at 22 ± 4°C under a 12/12 hour light/dark cycle (7 am–

7 pm) with ad libitum food and water access. Male mice (11–14 weeks) were used for 

experiments. 

 

 LPS treatment 

 LPS (#L2630, Escherichia coli O111:B4) was purchased from Sigma-Aldrich (St. 

Louis, MO, USA). A stock solution (10 mg/mL) was prepared in distilled water and 

stored at -20°C until injection. Mice received a single-dose intraperitoneal (i.p.) injection 

of LPS (1 or 3 mg/kg body weight) in saline (10 mL/kg body weight) at 7 pm (at the end 

of the light cycle). Mice were used for each experiment after the recovery periods outlined 

for specific experiments described as on days 0–7. 

 

 Behavioral tests 

 All behavioral tests and measurements of body weight and water intake were 

conducted at 7 pm. I selected seven behavioral tests commonly used in LPS-injected 

mouse models to evaluate brain functions and abnormalities such as spontaneous 

activity, anhedonia, anxiety-, depression-like behavior, and memory (Yin et al., 2023). In 

all behavioral tests, all apparatuses were wiped with 70% ethanol after each mouse use 

to prevent smell from affecting animal behavior.  

 

 Open field test 

 Mice were placed in the center of an open field apparatus (45 cm × 45 cm × 45 

cm) and allowed to explore freely for 10 minutes. All areas of the open field were recorded 

using a digital camera and behavioral analysis was performed automatically using the 

Mouse Behavioral Analysis Toolbox (MouBeAT) as described (Bello-Arroyo et al., 2018). 

Total distance traveled was used as an evaluation of spontaneous activity, and total 

freezing time and time spent in the center (27 cm × 27 cm) were used as an evaluation 
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of anxiety-like behavior (Sestakova et al., 2013). 

 

 Sucrose preference test 

 Two drinking water bottles were placed in the home cages and made freely 

accessible to the mice. For a 3 day habituation period, both bottles were filled with 1% 

sucrose for the first day, and for the subsequent 2 days, one bottle was filled with 1% 

sucrose and the other with distilled water. LPS was injected after the 3 day habituation, 

and intakes of 1% sucrose and distilled water were measured every 24 hours. Bottle 

locations were switched daily to avoid intake depending on the position. The percentage 

of 1% sucrose intake relative to total water intake was used as an indicator of anhedonia 

(Liu et al., 2018). 

 

 Y-maze test 

 Mice were placed in a Y-shape apparatus consisting of three arms (length 30 cm, 

width 6 cm) and allowed to freely move among the three arms. Alternation scores were 

measured as described previously (Miedel et al., 2017), using the number of total arm 

entries and the number of three consecutive entries into different arms. Alternation 

scores were evaluated automatically using MouBeAT software and considered an 

indicator of working memory (Kraeuter et al., 2019). 

 

 Forced swimming test 

 A 3,000 mL plastic beaker (diameter 15 cm) was filled with water (25°C, height 

23 cm) to a level that prevented mice from touching the bottom. Mice were placed in the 

beaker for 6 minutes. Immobility time, defined as the time that the mouse’s head and 

limbs did not move, was used as an indicator of depression-like behavior (Yankelevitch-

Yahav et al., 2015). Immobility time was measured visually by human scorers during the 

last 5 minutes of the test. 

 

 Elevated plus maze test 

 Mice were placed in the center of an apparatus consisting of two open arms 

(length 30 cm, width 6 cm), a central platform (6 cm × 6 cm), and two closed arms (30 cm 

× 6 cm). The closed arms were enclosed by walls (height 30 cm) and located 63 cm above 

the floor. Mice were allowed to move freely for 10 minutes. All areas of the maze were 

recorded using a digital camera and behavioral analysis was performed automatically 

using MouBeAT. The time spent in each arm was measured, and the time spent in the 
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closed arm was used as an indicator of anxiety-like behavior (Sestakova et al., 2013). 

 

 Novel object recognition test  

 The novel object recognition test (NORT) consisted of three stages: habituation, 

training, and testing, and was conducted 5, 6, and 7 days after LPS injection. An open 

field (30 cm × 30 cm) with no objects in the habituation section, a field with two identical 

objects in the training section, and a field with one of the objects replaced by a novel 

object in the test section, as described previously (Leger et al., 2013). Mice were allowed 

to move freely in these fields for 10 minutes. A T25 flask was used as the original object 

and a 50 mL tube was used as the novel object. Mice were tested to ensure that there 

was no difference in potential preference between the two objects (Figure 4A). The time 

that the mouse spent actively exploring each object, defined as having its nose pointed 

at the object, was used as the exploration time. In the test section, the time difference 

was determined from the time the mouse was placed in the field to the time it first 

explored each object (original object - novel object (s)). The exploration time and the time 

difference were evaluated automatically using the MouBeAT and used as an indicator of 

short-term memory (Chesworth et al., 2018). 

 

 Object location recognition test 

 The object location recognition test (OLRT) was identical to NORT until the 

training section, in which one of the objects is moved to a new location (opposite corner) 

instead of being replaced by a novel object in the test section. The exploration time and 

the time difference were evaluated automatically using the MouBeAT and used as an 

indicator of short-term memory (Chesworth et al., 2018). 

 

 Endotoxin assay 

 A ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit (GenScript, NJ, USA) 

was used to quantify endotoxin levels of the plasma and brain. Mice were anesthetized 

by inhalation of isoflurane (Pfizer, New York, NY, USA). Blood samples were taken from 

anesthetized animals by direct cardiac stick and mixed with EDTA. After perfusion with 

10 mL saline, the whole brain was isolated, weighed, and homogenized in 1 mL distilled 

water. Blood and brain samples were centrifuged at 1,500 × g, and supernatants were 

used as samples. Endotoxin levels were quantified according to manufacturer’s 

instructions. All equipment used for the experiment was endotoxin-free. Endotoxin 

levels were quantified as endotoxin unit (EU) in plasma volume (EU/mL) and as EU per 
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brain wet weight (EU/g). 

 

 Evaluation of blood-brain barrier permeability 

 BBB permeability was evaluated using Evans blue dye, which binds to albumin 

in blood, as described (Manaenko et al., 2011). Evans blue (2% w/v) was injected i.p. (4 

mL/kg body weight), and 3 hours later, mice were anesthetized by inhalation of 

isoflurane and perfused with 10 mL saline. Then, the whole brain was isolated, weighed, 

and homogenized in 100% trichloroacetic acid. The brain sample was incubated at 4°C 

for at least 12 hours and then centrifuged at 500 × g, and the supernatants were used 

for measurement of absorbance at 610 nm using a microplate reader (SH-1000; Corona 

Electric, Hitachinaka, Japan). Brain Evans blue amounts were calculated using a 

standard curve and normalized to brain wet weight (g Evans blue/g wet brain weight). 

Brain dry weight was measured after the wet brain was incubated at 60°C for at least 

12 hours. The water content (%) was determined from the difference in the wet and dry 

weights divided by the wet weight. 

 

 Immunohistochemistry 

 Mice were anesthetized by inhalation of isoflurane and perfused with 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Whole brains were isolated 

and fixed with 4% PFA overnight at 4°C. Brains were then glued to a slicer stage 

(LinearSlicer Pro7, Dosaka EM, Kyoto, Japan), flooded in PBS, and cut into 50 μm 

coronal slices. Slices were blocked with a blocking buffer composed of 10% goat serum, 

0.5% Triton X-100, and 0.05% sodium azide in PBS at room temperature (RT) for 2 hours. 

Slices were incubated with primary antibodies (Table 1) at 4°C for at least 12 hours, and 

then with Alexa Fluor 488- (#A11008, 1:500, Thermo Fisher Scientific, MA, USA) and/or 

555- (#A21422, 1:500) conjugated goat anti-rabbit or mouse antibody at RT for 90 

minutes. Slices were mounted onto glass slides with DAPI-Fluoromount G 

(SouthernBiotech, Birmingham, AL, USA). Images were captured using a laser scanning 

confocal microscope (LSM 700, Carl Zeiss, Oberkochen, Germany) with a 40 × lens 

objective. The images were comprised of 30 µm Z-stacks consisting of 31 optical slices of 

1 μm thickness by maximum intensity projection. The mean intensity or areas of glial 

fibrillary acidic protein (GFAP), Iba-1, and CD68 were analyzed by ImageJ software 

(National Institutes of Health, MD, USA) and normalized to the control, which was 

arbitrarily set to a value of “1.0”. 
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 Staining of degenerating neurons 

 PathoGreenTM Histofluorescent Stain (Biotium, CA, USA) was used to detect 

neuronal degeneration. Experiments were performed according to manufacturer’s 

instructions. Briefly, the brain was perfused and fixed with 4% PFA overnight at 4°C. 

Then, the brain was cut into 50 μm coronal slices, which were dried at 60°C for 30 

minutes. Slices were incubated with 0.06% KMnO4 and 1000 × PathoGreenTM stock 

solution at RT for 10 minutes each. After air drying, slices were incubated with xylene 

and mounted onto glass slides. Images were captured using a laser scanning confocal 

microscope with a 40 × lens objective. 

 

 Golgi-Cox staining 

 Golgi-Cox staining was performed as described previously, but with partial 

modification (Bayram-Weston et al., 2016). The brain was perfused and fixed with 4% 

PFA overnight at 4°C, and incubated with a solution consisting of 1.04% Hg2Cl2, 1.04% 

K2Cr2O7, and 0.83% K2CrO4 in distilled water at RT for 2 weeks. The brain was incubated 

with 25% sucrose at RT for 6 hours and subsequently cut into 100 µm coronal slices. 

After air drying, slices were incubated with 28% ammonia for 10 minutes. Slices were 

then incubated with xylene and mounted onto glass slides. Images were captured using 

a fluorescence microscope (BZ-9000, KEYENCE, Osaka, Japan) with a 100 × lens 

objective. Morphological evaluation of dendritic spines was conducted automatically 

using the application “Reconstruction” (https://synapseweb.clm.utexas.edu/) as 

described (Risher et al., 2014). Five neurons were randomly selected from slices obtained 

from one mouse, and one dendrite > 30 µm was measured per neuron. The average of the 

dendritic spine values per mouse was used as an independent data point. 

 

 Evaluation of glial cell morphology 

 Morphological features of astrocytes and microglia were assessed using confocal 

Z-stack images of GFAP and Iba-1 staining. Astrocytes were analyzed using SMorph as 

described previously (Sethi et al., 2021), and microglia were analyzed using ImageJ 

software as described (Young and Morrison, 2018). All glial cells in one image 

(approximately 60 cells) per mouse were analyzed. Principal component (PC) analysis 

was performed using the statistical analysis software JMP® 17 (SAS Institute, Inc., Cary, 

NC, USA) for astrocytic and microglial morphology using the morphological parameters 

(Astrocyte: number of -primary branches, -secondary branches, -tertiary branches, -

quaternary branches, -terminal branches, average length of -primary branches, -

https://synapseweb.clm.utexas.edu/
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secondary branches, -tertiary branches, -quaternary branches, -terminal branches, total 

branch length, projected area, territory, ramification number, average branch width, 

maximum radius. Microglia: number of -branches, -junctions, -triple points, -quadruple 

points, average length of branches, maximum length of branches.). 

 

 RNA extraction and RT-qPCR analyses 

 Total RNA was extracted from whole hippocampi using RNAiso Plus (Takara 

Bio, Tokyo, Japan). To remove genomic DNA and synthesize cDNA, RNA samples were 

then incubated with qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, 

Japan). Real-time PCR was performed using Thunderbird SYBR qPCR Mix (TOYOBO), 

oligonucleotides, and the cDNA reaction solution. Primer sequences are provided in 

Table 2. Thermal cycles were performed using an Eco Real-Time PCR System (Illumina, 

San Diego, CA, USA). Cycling conditions were 95 °C for 1 minute (initial denaturation), 

followed by 40 cycles of denaturation (95°C, 15 seconds), annealing, and extension (63°C, 

30 seconds). RNAs without reverse transcription were used as negative controls to 

determine if DNA contamination was present, as indicated by lack of amplification by 

real-time PCR. Melt curve analysis confirmed that only one amplicon was produced by 

each reaction. The expression levels of factors relative to glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh) were calculated using the ΔΔCq method and experimental 

results were normalized to the control, which was arbitrarily set to a value of “1.0”. 

 

 Data and statistical analysis 

 All studies were designed to generate groups of equal size using randomization 

and blinded analysis. Data are expressed as means ± S.E.M. (n = number of independent 

measurements) of at least five independent experiments (biological replicates). 

Statistical comparisons between two groups were conducted using the unpaired 

Student’s t-tests. For multiple comparisons, one-way ANOVAs followed by the Dunnett’s 

test or Tukey’s test were used. Post-hoc tests were performed only if F achieved p < 0.05 

and there was no significant inhomogeneity of variance. p < 0.05 was considered 

statistically significant. All statistical analysis was performed using the statistical 

analysis software JMP® 17. 
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 Results 

 

 

 I first conducted behavioral tests in mice 24 hours after LPS injection, as 

reported in many previous studies. LPS injection (1 mg/kg, i.p.) decreased time spent in 

center, increased total freezing time in the open field test, and increased total immobility 

time in the forced swimming test (Figures 1A, B). In addition, sucrose preference 

decreased during the first 24 hours following LPS injection (Figure 1C), but notably, body 

weight and water intake decreased significantly (Figures 1D, E). Total distance traveled 

in the open field test, an indicator of spontaneous activity, also decreased (Figure 1A). 

These results were indicative that the anxiety- and depression-like behavior observed in 

these behavioral tests could reflect the effects of systemic symptoms. 

 

 

 Next, I examined whether mice had recovered from systemic symptoms 7 days 

after LPS injection (3 mg/kg, i.p.). Body weight and water intake decreased after LPS 

injection, which was lowest on day 1 or 2 but recovered by day 7 (Figures 2A, B), and 

LPS did not affect the total distance traveled in any behavioral tests on day 7 (Figures 

3B-D, 4D, 5C). These results suggested that LPS-injected mice recovered from systemic 

symptoms on day 7. I then conducted multiple behavioral tests on day 7. LPS did not 

affect the sucrose preference test, forced swimming test, open field test, or elevated plus 

maze test, which were conducted to evaluate anhedonia-, depression-, and anxiety-

behaviors (Figures 3A-C). LPS also did not affect the results of the Y-maze test, which 

was conducted to evaluate working memory (Figure 3D). Next, NORT and OLRT were 

conducted to evaluate short-term memory. In NORT, the control group exhibited a 

significant increase in the percentage of exploration time of the novel object in the test 

section, compared with that of the original object in the training section (Figure 4B). 

Meanwhile, the LPS group exhibited no increase in the percentage between original and 

novel objects. There was also a significant difference in the percentage between the 

control and LPS groups in the test section. Furthermore, I measured the time difference 

between the first exploration of the novel object and the original object by mice in the 

test section. The control group explored the novel object earlier than the original object, 

but the LPS group hardly exhibited any difference between the time to explore each 
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object (Figure 4C). In OLRT, the percentage of exploration time increased for the moved 

object in the control group, but not in the LPS group (Figure 5A). There was no difference 

in object recognition time between the two groups (Figure 5B). These results suggest 

that short-term memory impairment was present on day 7 following LPS injection, after 

recovery from systemic symptoms. 

 

 

 As short-term memory impairment was detected on day 7 post-LPS, multiple 

pathologies were investigated. Plasma LPS level increased to 1.5 ± 0.1 EU/mL 24 hours 

after LPS i.p. injection (Figure 6A). Brain LPS levels were also significantly increased 

24 hours after LPS injection. Because this finding was suggestive of BBB breakdown, I 

evaluated BBB permeability by measuring migration of Evans blue into the brain and 

measuring brain water content as an indicator of cerebral edema. Neither index changed 

significantly on days 0, 1, 3, or 7 post-LPS injection (Figures 6B, C), suggesting that 

permeability of the BBB did not change. To evaluate neuronal survival in the CA1 area 

of the hippocampus, which is associated with short-term memory, the density of NeuN-

positive cells was quantified, and neuronal cell death was detected by PathoGreenTM 

staining. The densities of live and dead neurons were not changed on days 0, 1, 3, and 7 

post-LPS injection (Figures 6D, E). Based on these results, the experimental conditions 

of LPS injection used in this study increased the amount of toxin in the blood and brain, 

but did not affect the BBB or neuronal survival. 

 Subsequently, I examined whether LPS affected CA1 neuronal activity. The 

density of cells positive for c-Fos, a measure of neuronal activity, was significantly 

decreased on day 7 (Figure 7A). The density and morphology of dendritic spines, which 

are composed of synapses, affect neuronal circuits and plasticity, contributing to memory 

and learning (Runge et al., 2020). Golgi-Cox staining revealed that spine density did not 

change on day 7 (Figure 7B, C), but spine morphology was altered, which was 

characterized by elongated spines (Figure 7D). Because immature spines have an 

elongated morphology, spines were classified according to their morphology. The 

percentage of immature spines (long thin and thin) increased and the percentage of 

mature spines (mushroom and branched) decreased on day 7 (Figure 7E). Taken together, 

these findings suggest that LPS caused suppression of neuronal activity accompanied by 

increased immature CA1 dendritic spines on day 7. 
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 Spine density tended to decrease transiently on day 3 (Figure 7C). Because 

activated glial cells potentially phagocytose spines, leading to decreased spine density 

(Stein and Zito, 2019), I investigated glial cell activation. GFAP and Iba-1, indicators of 

astrocyte and microglial activation, respectively, were detected by immunostaining 

(Figure 8A). In astrocytes, the density of GFAP-positive cells and mean GFAP 

fluorescence intensity increased on day 3 and recovered to baseline levels by day 7 

(Figures 8B, C). Because astrocytic activation is strongly associated with morphological 

changes, I evaluated process morphology with the SMorph application, and performed 

PC analysis of 16 parameters. The first two PCs described approximately 56% of the 

observed variability in the data. PC1 was increased on day 7, which significantly 

correlated with projected area and total branch length, and PC2 was increased on day 3, 

which was significantly correlated with average length of terminal branches and average 

branch width (Figure 9A, C). According to these parameters, process widths and lengths 

increased on day 3, and process number and total length increased on day 7 (Figure 9B). 

In microglia, like in astrocytes, the density of Iba-1-positive cells and the mean 

fluorescence intensity of Iba-1 increased on day 3 and recovered to baseline levels on day 

7 (Figures 8D, E). I also performed PC analysis using six parameters for microglia. The 

first two PCs accounted for approximately 85% of the observed variability in the data. 

PC1 was increased on days 1 and 3, which was significantly correlated with the number 

of branches and junctions, and PC2 was increased on days 1 and 7, which was 

significantly correlated with average and maximum length of branches (Figure 10A, C). 

According to these parameters, the number of processes increased on day 3, and process 

length significantly increased on days 1–7 in microglia (Figure 10B). The soma size of 

microglia increased significantly on days 1 and 3, which is characteristic of activated 

microglia (Figure 10D). 

 

 

 Next, I measured mRNA levels in the hippocampus for several factors 

considered to be indicators of glial cell activation (Ikeshima-Kataoka, 2016; Jurga et al., 

2020; Escartin et al., 2021; Guo et al., 2022). For the seven factors (Gfap, Aqp4, Thbs1, 

Maob, Sox9, Slc1a2, and Slc1a3) that are indicators of reactive astrocytes, RT-qPCR 

analysis revealed that only Gfap significantly increased on day 1, and Aqp4 non-
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significantly increased on day 3 (Figure 11A). No significant differences between groups 

were detected for any of the astrocytic activation factors on day 7. For the six microglial 

M1 markers (Aif1, Il1b, Ccl2, Tnf, Fcgr3, and Cd86), there were significant increases in 

all the factors on day 1 and no factors significantly differed between groups on day 7 

(Figure 11B). The M1 markers Aifi, Fcgr3, and Cd86 were also significantly increased on 

day 3. For the five M2 markers, four factors (Chil3/4, Il10, Ccl22, and Mrc1) were 

significantly increased on days 1 or 3 (Figure 11C). Mrc1 remained significantly 

increased on day 7. Contrastingly, Retnla significantly decreased on days 1, 3, and 7. 

These data suggest that the robust LPS-induced inflammation peaked on days 1–3 and 

approximately recovered to baseline levels by day 7. The decrease in dendritic spine 

density and glial cell inflammation were both maximal on days 1–3. I thus hypothesized 

that activated microglia phagocytosed the spines, and performed immunostaining for 

CD68, the microglia-specific phagocytic marker. CD68-positive cells did not express the 

astrocyte marker GFAP or the neuronal marker NeuN (Figure 12A). The mean CD68 

fluorescence intensity and area of CD68 increased significantly on day 3 (Figures 12B-

D). It is likely that microglia phagocytosed spines on days 1–3, resulting in an increase 

in immature spines on day 7. 

 

 

 Finally, I also examined the inflammatory responses to LPS in other brain 

regions, such as the dentate gyrus, perirhinal cortex, entorhinal cortex, basolateral 

amygdala, and paraventricular hypothalamic nucleus, which include the regions 

involved in short-term memory. Glial cells were activated in all regions examined on day 

3 (Figure 13A). Meanwhile, CD68 fluorescence intensity was increased in the 

hippocampal dentate gyrus without significant changes in the other regions on day 3 

(Figure 13B). c-Fos expression was decreased in the hippocampal dentate gyrus on day 

7, while no difference was observed in the perirhinal cortex or entorhinal cortex (Figure 

13C). Contrastingly, LPS increased c-Fos expression in the basolateral amygdala and 

paraventricular nucleus (Figure 13C). These results suggest that glial cell activation 

occurred throughout the brain, but that there were regional differences in microglial 

phagocytosis and neuronal activity in response to LPS challenge. 
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 Discussion 

 

 In the present study, I identified that 7 days after LPS injection, mice with 

recovery of systemic symptoms exhibited short-term memory impairment in behavioral 

tests. Suppression of hippocampal CA1 neuronal activity and decreased synaptic 

strength due to immature spines likely contribute to short-term memory impairment in 

this context. Decreased spine density due to enhanced phagocytosis of activated 

microglia could be responsible for increased immature spines (Figure 14).  

 At the commonly used dose of 1 mg/kg LPS, the behavioral testing parameters 

for depression, anxiety, and anhedonia were affected in experiments conducted within 

24 hours following LPS injection, consistent with previous studies (Moraes et al., 2017; 

Yu et al., 2021; Song et al., 2022). However, significant systemic symptoms following LPS 

challenge were observed, with decreased spontaneous activity, body weight, and water 

intake. Therefore, it is possible that indicators of depression in previously reported 

behavioral tests, especially freezing and immobility time, are due in part to systemic 

symptoms. I also suggest that the apparent decrease in sucrose preference is due to 

decreased total water intake, as distilled water intake did not change. 

 Under acute pathological conditions evoked by LPS, the proinflammatory 

cytokine C-C motif chemokine ligand 2 (CCL2) secreted by blood vessel cells promotes 

excitatory synaptic transmission in glutamatergic neurons of the hippocampus (Duan et 

al., 2018). α1-Adrenoceptor (AR)-induced downregulation of membrane GluR1 is involved 

in LPS-induced depression-like behavior (Sekio and Seki, 2015). Unlike these acute 

responses, the transient decrease in spines followed by the increase in immature spines, 

as observed in the present study, required several days, indicating distinct pathogenesis 

from the acute response. 

 The LPS dose of 3 mg/kg used in the present study produced LPS blood levels 

similar to those in patients with sepsis (Casey et al., 1993). At this dose of LPS, BBB 

permeability was not affected, and none of the mice died within 7 days following 

administration of this dose. Meanwhile, the BBB was disrupted in mice 18 hours after 

high-dose LPS injection (18 mg/kg, i.p.) (Kikuchi et al., 2019). Further, administration of 

10 mg/kg LPS i.p. causes 100% mortality within 72 h (Ahn et al., 2017). Therefore, the 

LPS doses required to induce BBB disruption result in a high mortality rate in mice, 

while the dose used in the present study (3 mg/kg) did not cause mortality with 7 days 

of injection, and acute systemic effects were mild. 

 I evaluated the pathogenesis of the LPS inflammatory response, focusing 
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primarily on the hippocampus, as in this context LPS affected behaviors associated with 

short-term memory deficits, as identified by NORT and OLRT testing. OLRT is a 

primarily hippocampus-dependent test, while NORT is dependent on multiple brain 

regions, but is not affected by hippocampal injury or inactivation in mice (Barker and 

Warburton, 2011; Denninger et al., 2018). Contrary to these reports, some studies have 

reported that NORT is affected by the hippocampus (Broadbent et al., 2010; Cohen and 

Stackman, 2015; Cinalli et al., 2020). Involvement of the hippocampus in NORT is likely 

to depend on the latency between the training and test sections of a study. At short 

latencies, only the perirhinal cortex and entorhinal cortex are involved, while for 

latencies > 10 minutes, the hippocampus is also involved (Cohen and Stackman, 2015). 

In the present study, OLRT and NORT exploration times were decreased in LPS-injected 

mice subjected to conditioning with long latency periods (24 hours), suggesting that the 

hippocampus was involved in the short-term memory impairment detected in these tests. 

Meanwhile, in the present study, it was not possible to identify which memory processes 

were impaired, for example, formation, maintenance, or recall of memory (Josselyn and 

Tonegawa, 2020). Changes in dendritic spine morphology and number are involved in 

memory formation (Basu and Lamprecht, 2018). Further mechanisms of memory 

impairment need to be elucidated by measuring neuronal activity before and after 

training and testing sections. 

 Seven days after LPS injection, glial cell activation had returned nearly to 

baseline levels, together with recovery of systemic symptoms. Meanwhile, some 

parameters remained altered in both astrocytes and microglia, including both the 

morphology and expressions of glial activation markers 7 days after LPS injection. It is 

thus possible that LPS subsequently caused longer-duration changes in glial cell 

properties. Especially, the processes of both astrocytes and microglia remained elongated 

7 days after LPS injection. The processes are likely to remain longer to be more sensitive 

to abnormalities, serving as an alert system. This is consistent with the two-hit 

hypothesis in mental disorders (Cao et al., 2021). When microglia are activated by 

inflammation in early life, the threshold for activation is lowered, pathologically 

increasing microglial sensitivity to stress in later life. Because the present study injected 

LPS into adult mice, brain pathology should be investigated over a longer period after 

LPS injection in future studies. 

 Furthermore, changes in the morphology (activation) of glial cells could be 

responsible for short-term memory impairment. Astrocyte process elongation interferes 

physically with spine maturation and expansion, impairing memory formation (Zorec et 
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al., 2015). Moreover, fine astrocyte and microglial processes cover synapses. Astrocytes 

affect neuronal plasticity via the uptake and release of glutamate and D-serine, while 

microglia release proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α), 

IL-6, and IL-1β, which affect neuronal excitability by modulating the activities of many 

classes of voltage-gated channels and receptors (Sancho et al., 2021). Similar to these 

findings, in the present study, increased coverage of the synapse via glial process 

elongation could affect neuronal activity and plasticity. 

 The time course of decreased spine density coincided with that of increased 

CD68, and increased CD68 concomitant with decreased density of c-Fos positive cells 

occurred in the hippocampus. I thus postulate that M1-like phagocytic microglia 

phagocytosed the spines. Meanwhile, I have not identified whether the pathology 

observed in the present study is the cause of short-term memory impairment. Microglial 

phagocytosis of spines is involved in the pathogenesis of obesity-associated memory 

impairment (Cope et al., 2018). There are also microglia-independent mechanisms in 

spine disappearance, such as astrocytic phagocytosis and spine retraction accomplished 

in only neurons (not involving other cells) (Stein and Zito, 2019). It is necessary to 

investigate whether inhibition of microglial phagocytosis prevents spine morphological 

abnormalities and short-term memory impairment caused by neuroinflammation. 

 The mechanism by which glial cells are activated by i.p. LPS injection remains 

unclear. Multiple regulatory mechanisms could be responsible for LPS-induced 

hippocampal gliosis. First, LPS in the blood crosses the BBB and enters the brain 

parenchyma, activating toll-like receptor 4 (TLR4) in glial cells (Vargas-Caraveo et al., 

2017). Second, damage-associated molecular patterns (DAMPs) generated by neurons in 

response to heat, stress, or excitotoxicity activate TLR4 in glial cells (Afridi and Suk, 

2023). Third, increased blood cytokines activate vascular endothelial cells and release 

inflammatory factors into the brain parenchyma (Bowyer et al., 2020). TLR4-deficient 

mice are hyporesponsive to LPS (Hoshino et al., 1999). LPS injection increased brain 

endotoxin levels in the present study, suggesting that LPS did cross BBB. Therefore, in 

our system, LPS was likely to directly activate TLR4 expressed on microglia and/or 

astrocytes. Although LPS is not thought to pass through the intact BBB (Banks and 

Robinson, 2010), a conflicting study reported that LPS in fact enters the brain in 

physiological conditions via a lipoprotein-mediated transport mechanism (Vargas-

Caraveo et al., 2017). Further investigation is needed to assess the contribution of these 

processes. 

 LPS caused different responses depending on the brain region. Glial cell 
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activation was detected in all regions examined, but regional differences were observed 

in neuronal activity and phagocytotic phenotype of microglia. Notably, LPS suppressed 

neuronal activity only in the hippocampus. Consistent with the present study, the limbic 

system including the hippocampus is more susceptible to inflammation in mouse models 

of inflammatory diseases of peripheral organs such as colitis, gastritis, and cystitis (Sun 

et al., 2022). Furthermore, the hippocampus is more vulnerable to stress, ischemia, 

trauma, and aging than other brain regions (Bartsch and Wulff, 2015). Although several 

hypotheses have been proposed, it is unclear that the mechanism underlying increased 

susceptibility to inflammation in specific brain regions (Sun et al., 2022). Interestingly, 

there were regional differences in the microglial phagocytosis, even though 

morphological activation of microglia occurred in all regions examined in the present 

study. Elucidation of the mechanisms of these regional differences can provide novel 

therapeutic targets. In addition, consistent with the present study, i.p. LPS injection has 

previously been reported to increase neuronal activation in the paraventricular nucleus 

and amygdala (Araki et al., 2016). Activation of the paraventricular nucleus increases 

blood corticosterone levels via corticotropin-releasing hormone, and corticosterone 

activates the amygdala. LPS injection increases blood corticosterone levels (Haskó et al., 

1995), suggesting potential involvement of these pathways. In the present study, limited 

types of behavioral tests were performed, and several brain regions were observed. 

Therefore, I cannot deny that there are no brain abnormalities other than hippocampus-

dependent short-term memory impairment following recovery from systemic symptoms 

caused by LPS. 

 Finally, the elucidation of pathogenic mechanisms in rodent models is an urgent 

issue, with the goal of clinical application for humans to the treatment of mental 

disorders caused by peripheral inflammatory diseases. Furthermore, in dogs and cats, 

canine cognitive dysfunction syndrome is also an established condition (Mihevc and 

Majdič, 2019; Sordo and Gunn-Moore, 2021), and various behavioral changes resulting 

from peripheral- or neuro-inflammation have been reported (Piotti et al., 2023). Cell 

types, receptors, and factors associated with the identified mechanisms can be potential 

therapeutic targets. The pathological evaluation following recovery from systemic and 

acute symptoms, which was the focus of the present study, provides novel perspectives 

for studies using the LPS-induced inflammation model. 
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 Summary 

 

 The relationship between neuroinflammation and mental disorders has been 

recognized and investigated for over 30 years. Diseases of systemic or peripheral 

inflammation, such as sepsis, peritonitis, and infection, are associated with increased 

risk of mental disorders with neuroinflammation. To elucidate the pathogenesis, 

systemic administration of LPS in mice is often used. LPS-injected mice exhibit 

behavioral abnormalities with glial activation. However, these studies are unlikely to 

recapitulate the clinical pathophysiology of human patients, as most studies focus on the 

acute inflammatory response with systemic symptoms occurring within 24 h of LPS 

injection. I focus on the effects of LPS on behavioral abnormalities following recovery 

from systemic symptoms and investigate the mechanisms of pathogenesis. Several 

behavioral tests were performed in LPS-injected mice, and to assess neuroinflammation, 

the time course of the morphological change and expression of inflammatory factors in 

neurons, astrocytes, and microglia were investigated. Body weight and water intake 

decreased after LPS injection, which was lowest on day 1 or 2 but recovered by day 7, 

and LPS did not affect the total distance traveled in any behavioral tests on day 7. LPS 

did not affect the sucrose preference test, forced swimming test, open field test, or 

elevated plus maze test on day 7. Meanwhile, the time spent exploring the new/moved 

object in the NORT or OLRT was decreased. Furthermore, the number of c-Fos positive 

cells, a marker of neuronal activation, decreased in the hippocampal CA1 region on day 

7. The Golgi-Cox staining showed that spine density tended to decrease transiently on 

day 3, and the percentage of immature spines was increased on day 7. Expressions of 

GFAP and Iba-1, markers of astrocytic and microglial activation respectively, were 

increased on day 3. The gene expression of several inflammatory factors and CD68 

expression, microglial phagocytic marker, peaked on days 1-3 days and recovered to pre-

injection levels on day 7. In Chapter I, I identified that mice with recovery of systemic 

symptoms exhibited short-term memory impairment in behavioral tests. Suppression of 

CA1 neuronal activity and decreased synaptic strength due to immature spines likely 

contribute to short-term memory impairment. Decreased spine density due to enhanced 

phagocytosis of activated microglia could be responsible for increased immature spines. 

These findings provide novel insights for studies using the LPS-induced inflammation 

model and that will contribute to the development of treatments for mental disorders of 

this etiology. 
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 Figures and tables 

 

 

  
Table 1. Antibodies used for immunohistochemistry.  
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Table 2. Primer sequences used for RT-qPCR. 
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Figure 1. Systemic mouse symptoms and behavioral abnormalities 24 hours 

following LPS injection. 
(A) Time spent in center (s), total freezing time (s), total distance traveled (cm), and 

representative image of mouse trace and heat map in open field test (10 min) with mice 24 

hours following LPS injection (1 mg/kg, i.p., single dose). n = 5 mice/group. (B) Total immobility 

time (s) in forced swimming test (5 min) in mice 24 hours after LPS injection. n = 5 mice/group. 

(C) Ratio of sucrose intake (%) over 24 hours following LPS injection in sucrose preference test. 

n = 6 mice/group. (D, E) Change ratio (%) of body weight (D) and water intake (E) in mice 24 

hours after LPS injection. n = 6 mice/group. *p < 0.05, **p < 0.01 (unpaired Student’s t-test). 

All data are expressed as means ± S.E.M. 
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Figure 2. Body weight and water intake levels 7 days after LPS injection. 
(A) Change ratio (%) of body weight 0–7 days after LPS injection (3 mg/kg, i.p., single dose). n 

= 8 mice/group. (B) Weight (g, left) and ratio (%, right) of sucrose intake or distilled water every 

24 hours with mice -1−7 days after LPS injection in sucrose preference test. n = 5 mice/group. 

All data are expressed as means ± S.E.M.  



26 

 

  

Figure 3. Behavioral tests for spontaneous locomotor activity, depression, anxiety, 

and working memory 7 days after LPS injection. 
(A-D) Total immobility time (s) in forced swimming test (5 min, A), time spent in center (s), 

total freezing time (s), and total distance traveled (cm) in open field test (10 min, B), time spent 

in each arm (s) and total distance traveled (cm) in elevated plus maze test (10 min, C), and 

total distance traveled (cm) and alternation score (%) in Y-maze tests (8 min, D) 7 days after 

LPS injection (3 mg/kg, i.p., single dose). Sal: saline. n = 6-8 mice/group. All data are expressed 

as means ± S.E.M.  
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Figure 4. Novel object recognition test 7 days after LPS injection. 
(A) The test section was conducted 24 hours after the habituation section in normal mice. (B-

D) Exploration time of novel object (%, B), difference in first recognition time (s, C), 

representative images of mouse traces and heat maps (red arrow: novel object), total distance 

traveled (cm, D), and total exploration time (s) in novel object recognition test 7 days after LPS 

injection (3 mg/kg, i.p., single dose). Sal: saline. n = 9–10 mice/group. Means with the different 

letter are significantly different and with the same letter are not significantly different from 

each other (Tukey’s test, B), *p < 0.05 (unpaired Student’s t-test, C). All data are expressed as 

means ± S.E.M.  
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Figure 5. Object location recognition test 7 days after LPS injection. 
(A-C) Exploration time of moved object (%, A), difference in first recognition time (s, B), 

representative images of mouse traces and heat maps (red arrow: moved object), total distance 

traveled (cm, C), and total exploration time (s) in object location recognition test 7 days after 

LPS injection (3 mg/kg, i.p., single dose). Sal: saline. n = 10 mice/group. #p < 0.05 (Tukey’s test, 

A). All data are expressed as means ± S.E.M.  
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Figure 6. Effects of LPS on blood-brain barrier permeability and neuronal survival.  
(A) Endotoxin level detected by endotoxin assay (LAL tests) of plasma (EU/mL, left) and brain 

(EU/g, right) tissues of mice 24 hours after LPS injection (3 mg/kg, i.p., single dose). Sal: saline. 

n = 5 mice/group. *p < 0.05 (unpaired Student’s t-test). (B, C) Evans blue content (µg/g) and brain 

representative images (B), and whole-brain water content (wet-dry/wet, %, C) 0–7 days after 

LPS injection. p.c.: positive control (LPS 18 mg/kg, i.p., 18 h). n = 5 mice/group. (D) 

Representative images of the hippocampal CA1 region stained with PathoGreenTM. p.c.: 

positive control (LPS 18 mg/kg, i.p., 18 h). Scale bar = 100 µm. (E) Representative NeuN-stained 

images of hippocampal CA1 regions 0–7 days after LPS injection (left) and NeuN-positive cell 

density (number of cells/image, right). n = 6 mice/group. Scale bar = 100 µm. All data are 

expressed as means ± S.E.M. 
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Figure 7. Effects of LPS on neuronal activity and dendritic spine properties. 
(A) Representative c-Fos (green) and NeuN (red)-stained images in the hippocampal CA1 

regions of mice 0 and 7 days after LPS injection (3 mg/kg, i.p., single dose, left) and percentage 

of c-Fos-positive cells in NeuN-positive cells (right). Scale bar = 100 µm. n = 6 mice/group. (B) 

Representative images in the hippocampal CA1 region stained with Golgi-Cox staining of mice 

0–7 days after LPS injection. Scale bar = 5 µm. (C) Quantification of spine density (number of 

spines/µm) in the hippocampal CA1 region of mice 0–7 days after LPS injection. n = 6 

mice/group. (D, E) Quantification of length-to-width ratio (D) and classification (%, E) of the 

spines by morphology in the hippocampal CA1 region of mice 0 and 7 days after LPS injection 

using the Reconstruct application. n = 6 mice/group. *p < 0.05, **p < 0.01 (unpaired Student’s 

t-test). All data are expressed as means ± S.E.M. 
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Figure 8. Effects of LPS on glial activation marker GFAP and Iba-1 
(A) Representative GFAP (red), Iba-1 (green), and DAPI (blue)-stained images in the 

hippocampal CA1 region of mice 0–7 days after LPS injection (3 mg/kg, i.p., single dose). Scale 

bar = 100 µm. (B-E) Density of GFAP- or Iba-1-positive cells (number of cells/mm
2
, B, D) and 

GFAP or Iba-1 mean fluorescence intensity (A.U., C, E) in the hippocampal CA1 region of mice 

0–7 days after LPS injection. n = 7 mice/group. *p < 0.05, **p < 0.01 vs. 0 day (Dunnett’s test). 

All data are expressed as means ± S.E.M. 
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Figure 9. Effects of LPS on astrocytic morphology. 
(A) Principal component (PC) analysis reduced the dimensionality of the feature space 

consisting of 16 morphological features extracted from GFAP-staining images in the 

hippocampal CA1 region of mice 0–7 days after LPS injection (3 mg/kg, i.p., single dose). A 

two-dimensional PC analysis plot representing the first two PCs, overlaid with ellipses 

corresponding to three standard deviations centered on the mean. Graphs show PC1 and PC2 

values. (B, C) Each parameter of astrocytic morphology of mice 0–7 days after LPS injection 

analyzed with SMorph (B) and contributions of each parameter to PCs (C). n = 172–192 cells 

(from 7 mice)/group. *p < 0.05, **p < 0.01 vs. 0 day (Dunnett’s test). All data are expressed as 

means ± S.E.M. 
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Figure 10. Effects of LPS on microglial morphology. 
(A) Principal component (PC) analysis reduced the dimensionality of the feature space 

consisting of 6 morphological features extracted from Iba-1 staining images in the hippocampal 

CA1 region of mice 0–7 days after LPS injection (3 mg/kg, i.p., single dose). A two-dimensional 

PC analysis plot representing the first two PCs, overlaid with ellipses corresponding to three 

standard deviations centered on the mean. Graphs show PC1 and PC2 values. (B, C) Each 

parameter of microglial morphology of mice 0–7 days after LPS injection analyzed with Image-

J (B) and contributions of each parameter to PCs (C). n = 118–279 cells (from 7 mice)/group. 

(D) Mean soma size (µm
3
) of Iba-1-positive cells of mice 0–7 days after LPS injection. n = 85–

105 cells (from 7 mice)/group. *p < 0.05, **p < 0.01 vs. 0 day (Dunnett’s test). All data are 

expressed as means ± S.E.M. 
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Figure 11. Effects of LPS on mRNA levels of glial activation markers. 
(A-C) Whole hippocampus mRNA levels of the astrocytic activation markers Gfap, Aqp4, 

Thbs1, Maob, Sox9, Slc1a2, and Slc1a3 (A); microglial M1 markers Aif1, Il1b, Xcl2, Tnf, Fcgr3, 

and Cd86 (B); and M2 markers Chil3/4, Il10, Ccl22, Mrc1, and Retnla (C) of mice 0–7 days 

after LPS injection (3 mg/kg, i.p., single dose). n = 8 mice/group. *p < 0.05, **p < 0.01 vs. 0 days 

(Dunnett’s test). All data are expressed as means ± S.E.M. 
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Figure 12. Effects of LPS on expression of microglial phagocytic marker CD68. 
(A) Representative CD68 (green) and GFAP or NeuN (red)-stained images in the hippocampal 

CA1 region of mice 3 days after LPS injection (3 mg/kg, i.p., single dose). (B) Representative 

CD68 (green) and DAPI (blue)-stained images in the hippocampal CA1 region of mice 0–7 days 

after LPS injection (C, D) Mean fluorescence intensity (C) and area (D) of CD68. n = 8 

mice/group. *p < 0.05 vs. 0 days (Dunnett’s test). Scale bar = 100 µm. All data are expressed 

as means ± S.E.M. 
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Figure 13. Effect of LPS on neuronal and glial activation in different brain regions. 
(A-C) Representative GFAP and Iba-1 (A), CD68 (B), and c-Fos (C) images in the dentate gyrus 

(DG), perirhinal cortex (PR), entorhinal cortex (EC), basolateral amygdala (BLA), and 

paraventricular hypothalamic nucleus (PV) of mice 0 and 3 (A, B) or 7 (C) days after LPS injection 

(3 mg/kg, i.p., single dose). (B) Mean fluorescence intensity of CD68 (A.U.) in each brain region of 

mice 0 and 3 days after LPS injection (3 mg/kg, i.p., single dose). n = 5 mice/group. *p < 0.05 

(unpaired Student’s t-test). All data are expressed as means ± S.E.M. 
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Figure 14. Graphical abstract in Chapter 1. 
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Chapter II: 

Catecholamine regulates astrocytic IL-6 expression and process formation 

via dopamine receptors and adrenoceptors 

 

II-1  Introduction 

 

 Astrocytic cytokine production and the morphology of astrocytic processes are 

closely related to the physiological functions of the central nervous system (CNS). 

Proinflammatory cytokines affect neuronal functions besides enhancing inflammation. 

IL-6 released from astrocytes suppresses neuronal cell death (Day et al., 2014) and acts 

as a neurotrophic factor (Wagner, 1996). Astrocytic processes contact neurons, forming 

the “tripartite synapse” that regulates synaptic function (Allen and Eroglu, 2017). 

 Furthermore, astrocytes transform into reactive astrocytes in response to a wide 

range of neurodegenerative diseases (Pekny and Nilsson, 2005; Hart and Karimi-

Abdolrezaee, 2021). Reactive astrocytes are characterized by upregulated IL-6 and GFAP 

expression and distinct morphological changes (John et al., 2003; Sofroniew, 2009; 

Escartin et al., 2021), and regarded as reflections of a detrimental astrocyte phenotype, 

which contribute to various pathogeneses (Escartin et al., 2021). Specifically, chronic IL-

6 overexpression in astrocytes induces an inflammatory response (Penkowa et al., 2003). 

Impaired astrocytic morphogenesis links to diminished function of excitatory synapses 

(Stogsdill et al., 2017). In Chapter I, consistent with these reports, LPS i.p. injection 

promoted GFAP expression and morphological change in astrocytes and expression of 

multiple proinflammatory cytokines, therefore, reactive astrocytes may be involved in 

the pathogenesis of mental disorder. However, the mechanisms that control these 

reactive states of astrocytes complexly involve a variety of factors, and have not been 

completely understood. 

 In Chapter II, I focused on catecholamines, such as dopamine and noradrenalin, 

as the regulator of neuroinflammation. Dopamine or noradrenaline levels in the CNS 

change under pathological conditions with neuroinflammation, such as Alzheimer's 

disease, Parkinson's disease, Huntington's disease, and ischemic stroke (Globus et al., 

1989; Hoogendijk et al., 1999; Klein et al., 2019). In addition, mice treated 

intraperitoneally with LPS have increased levels of catecholamines in the brain (Mori et 

al., 2003; Sekio and Seki, 2015). Catecholamines are released not only from synapses but 

also from varicosities (Fuxe et al., 2015), and thus act on astrocytes surrounding neurons. 

Especially, the activation of astrocytic dopamine receptors regulates neuroinflammation 
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(Zhu et al., 2018; Montoya et al., 2019) and depresses excitatory synaptic transmission 

(Corkrum et al., 2020). These reports suggest that catecholamines are involved in the 

pathogenesis of CNS diseases with neuroinflammation via their action on astrocytes. 

 Astrocytes express catecholamine receptors, i.e. D1-like (D1, D5) and D2-like 

(D2-D4) receptors, and α1-, α2- and β-ARs. Noradrenaline acts on astrocytic β-ARs to 

enhance IL-6 transcription and change cell morphology (Day et al., 2014; Kitano et al., 

2021). However, it remains unknown whether other adrenoceptors or dopamine 

receptors affect astrocytic IL-6 production or morphology and, if so, which receptors and 

intracellular pathways are involved. Such knowledge could enhance our understanding 

of the role that catecholamines play in astrocytic functions and the pathogenesis of 

neurodegenerative diseases caused by abnormal catecholamine signalings. Therefore, I 

aimed to comprehensively identify IL-6 expression and morphological changes in 

response to catecholamines, as a phenotype of reactive astrocytes. In this study, I 

identified dopamine receptor- and adrenoceptor-subtypes that participate in the IL-6 

expression and morphological changes, and investigated the intracellular signaling 

following the activation of each receptor in rat cultured astrocytes and acute brain slices. 
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II-2  Materials and methods 

 

 Materials 

 The following reagents were used: atenolol, atipamezole hydrochloride, 

dexmedetomidine hydrochloride, 2-bromo-α-ergocryptine methanesulfonate salt 

(bromocriptine), and isoproterenol hydrochloride (all from Sigma-Aldrich); 

phenylephrine hydrochloride, propranolol hydrochloride, forskolin, U0126, SP600125, 

histamine dihydrochloride, and L(+)-ascorbic acid (all from FUJIFILM Wako Pure 

Chemical); 1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH23390), 

(±)-6-chloro-2,3,4,5-tetrahydro-1-phenyl-1H-3-benzazepine hydrobromide (SKF81297), 

6-chloro-2,3,4,5-tetrahydro-1-(3-methylphenyl)-3-(2-propenyl)-1H-3-benzazepine-7,8-

diol hydrobromide (SKF83822), and 6-chloro-2,3,4,5-tetrahydro-3-methyl-1-(3-

methylphenyl)-1H-3-benzazepine-7,8-diol (SKF83959) (all from Tocris Bioscience, 

Bristol, UK); L-noradrenaline bitartrate monohydrate, prazosin hydrochloride, and 3-

hydroxytyramine hydrochloride (dopamine) (all from Tokyo Chemical Industry, Tokyo, 

Japan); ICI118551 hydrochloride and SR59230A (both from MedChemExpress, 

Monmouth Junction, NJ, USA); H89 and bisindolylmaleimide II (BIM) (both from 

Cayman Chemical, Ann Arbor, MI, USA); haloperidol (Pfizer); and 5-hydroxytryptamine 

hydrochloride (5-HT) (Nacalai Tesque, Kyoto, Japan). 

 

 Animals 

 Prior to initiating studies, all animal care and experimental protocols were 

approved by the Committee on Animal Experimentation, Graduate School of Veterinary 

Medicine, Hokkaido University (No. 19-0009), which was awarded the Accreditation 

Status by the Association for Assessment and Accreditation of Laboratory Animal Care 

International. Animal studies were performed in compliance with ARRIVE guidelines 

(Percie du Sert et al., 2020). Wistar rats were obtained from CLEA Japan and were bred 

to obtain pups. The rats were fed ad libitum and kept a 12/12 hour light/dark cycle at 22 

± 4 °C. Male and female pups (3–5 days old) were used for primary astrocyte cultures, 

and male pups (14–16 days old) were used for acute brain slice experiments. 

 

 Primary cultured astrocytes 

 Primary cultured astrocytes were obtained as previously described (Kitano et 

al., 2021). In brief, the cerebral cortex, hippocampus, and spinal cords were isolated from 

rat pups (3–5 days old), minced, and incubated with papain (10 U/mL) and DNase (0.1 
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mg/mL). Dissociated cells were suspended in Dulbecco's modified Eagle's medium/Ham's 

F-12 (#048-29785, FUJIFILM Wako Pure Chemical) containing 10% fetal bovine serum, 

100 U/mL penicillin, and 0.1 mg/mL streptomycin. The cell suspension was seeded onto 

a poly-l-lysine-coated T75 flask. After 7–8 days, the flask was shaken at 250 rpm at 37 °C 

for at least 12 hours to remove all cells except astrocytes. Adherent cells were detached 

with trypsin and re-seeded onto poly-l-lysine-coated 12-well plates or coverslips at a 

density of 8.0 × 103 cells/cm2. After 3 days, the cell culture reached confluence, and the 

medium was changed to serum-free medium. Cell cultures were first treated with 

antagonists immediately after the medium exchange and were then treated with 

dopamine, noradrenaline, and other agonists 1 hour after the medium exchange. After a 

certain amount of time (detailed in the figure legends and results section), the cell 

culture was used for experiments. The concentrations of dopamine used in this study 

were determined based on the previous reports (Cragg and Rice, 2004; Koppel et al., 

2018). Agonists and antagonists were used at concentrations specific to the target 

receptors, based on the database (“IUPHAR/BPS Guide to PHARMACOLOGY” 

https://www.guidetopharmac). The purity of astrocyte cultures was evaluated by 

immunostaining for the astrocytic marker GFAP. At least 300 cells in 12 randomly 

selected images were evaluated, and all cells I evaluated were positive for GFAP. 

 

 RNA extraction and real-time PCR analyses 

 Total RNA was extracted from cultured astrocytes using RNAiso Plus. To 

remove genomic DNA and synthesize cDNA, the RNA sample was then incubated with 

qPCR RT Master Mix with gDNA Remover. Real-time PCR was performed using 

Thunderbird SYBR qPCR Mix, each primer, and the cDNA reaction solution. The primer 

sequences are provided in Table 3. Thermal cycles were performed using the Eco Real-

Time PCR System (Illumina). Cycling conditions were 95 °C for 1 minute (for initial 

denaturation), followed by 40 cycles of denaturation (95 °C, 15 seconds), annealing, and 

extension (temperature: Tables 3 and 45 seconds). RNAs without reverse transcription 

were used as a negative control to examine DNA contamination and were not amplified 

by real-time PCR. Melt curve analysis confirmed that the obtained amplicon was only 

the one expected in each reaction. The expression levels of IL-6 relative to GAPDH were 

calculated using the ΔΔCq method and were normalized to the control, which was 

arbitrarily set to a value of “1.0”. 

 

 Non-quantitative PCR 
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 Non-quantitative PCR was performed using KOD FX Neo (TOYOBO), each 

primer, and the cDNA reaction solution obtained by the above method. The primer 

sequences and product sizes are provided in Table 4. Thermal cycles were performed 

using a PC320 system (ASTEC, Fukuoka, Japan). Cycling conditions were 94 °C for 1 

minute (for initial denaturation), followed by 40 cycles of denaturation (98 °C, 10 

seconds), annealing (temperature: Tables 4 and 10 seconds), and extension (68 °C, 30 

seconds). RNAs without reverse transcription were used as a negative control to examine 

DNA contamination. PCR products and a 100 bp DNA ladder (Takara Bio) were 

separated on a 3% agarose gel and visualized with ethidium bromide under UV 

illumination (Mupid-Scope WD, Mupid, Tokyo, Japan). 

 

 Western blotting 

 Astrocytes were lysed in RIPA buffer containing a protease inhibitor cocktail 

(Nacalai Tesque). The samples were separated by 10% SDS-PAGE and transferred to 

polyvinylidene difluoride membranes (Millipore, CA, USA). The membranes were 

blocked with 5% skimmed milk and then incubated with primary antibodies (Table 5) at 

4 °C for at least 12 hours. Thereafter, the membranes were incubated for 1 hour at RT 

with a horseradish peroxidase-conjugated secondary antibody (#NA931 or #NA934, 

1:3000, GE Healthcare, Little Chalfont, UK). Antibody binding was visualized by ECL 

Prime (GE Healthcare). Band intensities were measured using Fiji-ImageJ software 

(National Institutes of Health) and normalized to the control, which was arbitrarily set 

to a value of “1.0”. 

 

 Enzyme-linked immunosorbent assay (ELISA) 

 I measured the IL-6 protein levels using IL-6 ELISA Kit (#437107, Biolegend, 

San Diego, CA, USA). The medium of cultured astrocyte treated with each drug for 6 h 

was collected. Thereafter, the medium was centrifuged at 1000 × g for 10 minutes to 

remove dead cells and debris, and the supernatant was used for ELISA. The experiment 

was performed according to the manufacturer's instructions and the ELISA plates were 

read with an SH-1000 lab fluorescent microplate reader (Corona Electric Co.) and 

analyzed using SF6 software (Corona Electric Co.). Quantification of astrocyte total 

protein was performed for cells in each cultured well using the DC™ Protein Assay 

reagent (Bio-Rad, Hercules, CA, USA). The IL-6 level was normalized by calculating the 

IL-6 protein content per astrocyte total protein content (pg/mg). 
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 Preparation and treatments of astrocyte conditioned medium 

 Agonists or antagonists were treated to the primary cultures of astrocytes in the 

manner described above. Following agonist treatments for 30 minutes, cells were 

refreshed with serum-free medium. After 24-hour incubation, the medium was collected 

from each treated well. RNA extraction was performed at the same time as the medium 

was collected. The medium was centrifuged at 300 × g to remove dead cells and the 

supernatant was used as astrocyte conditioned medium (ACM). The drug-treated 

astrocytes to produce ACM were defined as ACM-donor cells. The ACM was transferred 

to another primary culture of astrocytes, which was defined as ACM-recipient cells. The 

ACM-recipient cells were incubated for 3 hours followed by RNA extraction. 

 

 Phalloidin staining and evaluation of astrocytic morphology in vitro 

 Phalloidin staining and evaluation of astrocytic morphology were conducted as 

previously described (Kitano et al., 2021). Astrocytes cultured on coverslips were fixed 

with 4% PFA for 20 minutes at RT and then permeabilized with PBS containing 0.1% 

Triton X-100 at RT for 5 minutes. To stain filamentous actin (F-actin), cells were 

incubated with Phalloidin-iFluor 488 reagent (#ab176753, 1:1000, Abcam, Cambridge, 

UK) in PBS containing 1% bovine serum albumin at RT for 1 hour. Coverslips were 

mounted onto glass slides with DAPI-Fluoromount G (SouthernBiotech). Fluorescence 

images were obtained with a fluorescence microscope (BZ-9000, KEYENCE) using a 20 

× lens objective. Astrocytes with process formation were defined as cells that had one or 

more processes longer than the width of their cell bodies. The number of astrocytes with 

process formation was visually counted using Fiji-ImageJ software. The mean 

percentage from more than 200 cells from three random images was used as one 

independent measurement. 

 

 Preparation of acute hippocampal slices 

 Male pups (14–16 days old) were anesthetized with isoflurane (Pfizer) 

inhalation and rapidly decapitated. The brains were then quickly detached and 

transferred into ice-cold artificial cerebrospinal fluid (ACSF) and constantly oxygenated 

with 95% O2 and 5% CO2. The composition of ACSF was as follows (mM): 125 NaCl, 2.5 

KCl, 2.0 CaCl2, 1.0 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, and 25 glucose (pH 7.3–7.4). The 

brain was glued to a slicer stage (LinearSlicer Pro7, Dosaka EM), flooded in oxygenated 

cold ACSF, and cut into 300 μm-thick coronal slices. The slices were incubated for 30 

minutes at 22–24 °C in continuously oxygenated ACSF. Afterward, the slices, in 
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continuously oxygenated ACSF containing L(+)-ascorbic acid (200 μM), were incubated 

for 30 minutes and treated with isoproterenol, dopamine, or SKF81297 for 90 minutes 

at 34 °C. 

 

 Immunohistochemistry 

 The slices obtained by the above method were fixed with 4% PFA for 12 hours 

at 4 °C and then blocked for 6 hours with a blocking buffer composed of 10% goat serum, 

0.5% Triton X-100, and 0.05% sodium azide in PBS. The slices were then incubated with 

an anti-GFAP primary antibody at 4 °C for at least 12 hours and incubated with an Alexa 

Fluor 555-conjugated goat anti-mouse antibody (#A21422, 1:500, Thermo Fisher 

Scientific) for 2 hours at RT. The slices were mounted onto glass slides with DAPI-

Fluoromount G, and images were observed with a laser scanning confocal microscope 

(LSM 700, Carl Zeiss) using a 40 × lens objective. The CA1 areas of the hippocampus 

were used to measure the fluorescence intensity. The images (shown in Figure 25A) were 

used for the fluorescence intensity measurements and were composed of 15 μm Z-stacks 

consisting of 16 optical slices of 1 μm thickness by maximum intensity projection. The 

mean grey intensity in the area excluding the neuronal layer was measured using Fiji-

ImageJ. The results were expressed as arbitrary units. 

 

 Morphological analysis of astrocytes in hippocampal slices 

 Morphological features of astrocytes in the CA1 area of the hippocampus were 

assessed using the confocal Z-stack images obtained by immunohistochemistry. For 

analysis, I applied Simple Neurite Tracer, a free software plugin distributed by Fiji-

ImageJ and available at (https://imagej.net/plugins/snt/), as previously described 

(Tavares et al., 2017). The morphological parameters assessed by Simple Neurite Tracer 

were the total branch length, number of branches, and average branch length. 

Additionally, I performed Sholl analysis, which measures the number of intersections at 

concentric spheres (at 4 μm intervals) originating from the soma. The mean value of 10 

cells in one immunohistochemistry image was used as one independent measurement. 

 

 Data and statistical analysis 

 All the studies were designed to generate groups of equal size, using 

randomization and blinded analysis. Data are expressed as means ± S.E.M (n = number 

of independent measurements) of at least five independent experiments (biological 

replicates). After confirming that the data were normally distributed, the following tests 
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were performed. Statistical comparisons between the two groups were made using the 

unpaired Student's t-test. For all multiple comparisons, the Dunnett's test or Tukey's 

test was used. The Dunnett's test or Tukey's test was performed only if F achieved p < 

0.05 and there was no significant inhomogeneity of variance by one-way ANOVA. A value 

of p < 0.05 was considered statistically significant. All statistical analysis was performed 

using the statistical analysis software JMP® 14 (SAS Institute, Inc., Cary, NC, USA). 
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II-3  Results 

 

 

 First, I confirmed the mRNA expression of dopamine receptor and α- and β-AR 

subtypes in cultured astrocytes, bands of all receptor subtypes were detected (Figure 15). 

Next, I examined the effects of monoamines (dopamine, serotonin, histamine) on the 

mRNA levels of cytokines (Il6, Il1b, Tnf) and growth factors (Fgf2, Bdnf, Ngf). Treatment 

with dopamine for 1 hour (but not 3 hours) increased IL-6 mRNA levels in cultured 

astrocytes (Figure 16A). Conversely, serotonin and histamine (10 μM) did not affect the 

mRNA levels of any of the factors (Figure 16A-F) and dopamine (10 μM) did not affect 

the mRNA levels of any of the factors except IL-6 (Figure 16B-F).  

 

 

 I investigated which receptors are involved in the dopamine-induced increase 

in IL-6 mRNA levels. High dopamine concentrations also act on β-ARs (Koppel et al., 

2018). Therefore, the concentration-response relationships between dopamine and IL-6 

mRNA levels in the presence of the β-AR antagonist propranolol were investigated. 

Treatment of cultured astrocytes with dopamine (1 nM–100 μM) increased IL-6 mRNA 

levels in a concentration-dependent manner (Figure 17A). Propranolol (10 μM) inhibited 

the increase in IL-6 mRNA levels induced by a high concentration of dopamine (100 μM) 

but not that induced by a low concentration of dopamine (1 μM). Dopamine (1 μM) 

significantly increased the IL-6 mRNA levels (Figure 17B). In the following experiments, 

1 μM dopamine was used as the lowest concentration that significantly increased IL-6 

mRNA levels, while 100 μM dopamine was used as the high concentration of dopamine 

that was significantly inhibited by propranolol. The D1-like receptor antagonist 

SCH23390 (10 μM) but not the D2-like receptor antagonist haloperidol (10 μM) inhibited 

the increase in IL-6 mRNA levels at 1 μM dopamine (Figure 17B). The increase in IL-6 

mRNA levels at 100 μM dopamine was not inhibited by SCH23390, was enhanced by 

haloperidol (Figure 17C), and was partially inhibited by the β1-AR antagonist atenolol 

(10 μM), the β2-AR antagonist ICI118551 (1 μM), and the β3-AR antagonist SR59230A (1 

μM) (Figure 17D). In the presence of a mixture of atenolol, ICI1118551, and SR59230A, 

dopamine (100 μM) failed to increase IL-6 mRNA levels. None of the antagonists alone 

exerted any effect on IL-6 mRNA levels (Figure 17E). Activation of D1-like receptors 

stimulates adenylate cyclase and phospholipase C (Lee et al., 2004). IL-6 mRNA levels 
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were increased by the D1-like receptor full agonist SKF81297 (10 μM) and the D1-like 

receptor adenylyl cyclase agonist SKF83822 (10 μM), but not by the D1-like receptor 

phospholipase C agonist SKF83959 (10 μM) or the D2-like receptor agonist 

bromocriptine (10 μM) (Figure 17F). Next, the protein levels of IL-6 released into the 

culture medium were measured by ELISA. Similar to the effects of dopamine on the IL-

6 mRNA levels, the low (1 μM) and high (100 μM) concentrations of dopamine increased 

the release of IL-6, which were inhibited by SCH23390 and propranolol, respectively 

(Figure 17G, H). In addition, the release of IL-6 by dopamine (100 μM) was enhanced by 

haloperidol. These results suggest that a low concentration of dopamine increased IL-6 

expression via D1-like receptors, and a high concentration of dopamine regulated that 

via β-ARs and D2-like receptors. 

 

 

 Transcription of IL-6 is promoted by binding of transcription factors, such as 

mitogen-activated protein kinase (MAPKs), cAMP response element binding protein 

(CREB), and signal transducer and activator of transcription 3 (STAT3), to specific DNA 

sequences and p300/CBP (Karin et al., 1997; Berghe et al., 2000; Du et al., 2020). Here, 

I investigated whether low and high dopamine concentrations regulate the 

phosphorylation of proteins involved in transcription. Dopamine (1 μM for 30 minutes) 

promoted CREB phosphorylation, which was inhibited by SCH23390 but not by 

haloperidol or propranolol (Figure 18A). Dopamine (100 μM for 30 minutes) also 

promoted CREB phosphorylation, which was inhibited by SCH23390, haloperidol, and 

propranolol (Figure 18B). SKF81297, the β-AR agonist isoproterenol, and the adenylyl 

cyclase activator forskolin promoted CREB phosphorylation (Figure 18C). Dopamine 

exerted no effect on STAT3 or MAPKs; namely extracellular signal-regulated kinase 

(ERK), c-Jun N-terminal kinase (JNK), and p38 phosphorylation at low or high 

concentrations (Figure 18D-G). These results suggest that low and high concentrations 

of dopamine increased IL-6 mRNA levels by CREB phosphorylation following D1-like 

receptors and β-ARs activation, respectively. 

 

 

 I next examined the effects of adrenoceptor subtypes, since dopamine increased 

IL-6 mRNA levels via β-ARs. Treatment of either noradrenaline or isoproterenol for 3 

hours increased IL-6 mRNA levels in a concentration-dependent manner (Figure 19A). 
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The maximum increase in the IL-6 mRNA levels was higher in response to noradrenaline 

than that it was to isoproterenol. The noradrenaline-induced increase in the IL-6 mRNA 

levels was inhibited by the α1-antagonist prazosin (1 µM), the α2-antagonist atipamezole 

(10 µM), and propranolol (10 µM) (Figure 19B). Co-treatment with prazosin and 

propranolol abolished the noradrenaline-induced increase in the IL-6 mRNA levels. 

Additional treatment with atipamezole did not cause further inhibition. None of the 

antagonists alone had any effect on IL-6 mRNA levels (Figure 19C). In addition to 

isoproterenol (1 µM), the IL-6 mRNA levels were increased by the α1-agonist 

phenylephrine (1 µM) but not by the α2-agonist dexmedetomidine (1 µM) (Figure 19D). 

These results suggest that α1- and β-ARs activation increased IL-6 mRNA levels. 

 

 

 In general, β-ARs coupled to Gs proteins activate the cAMP/protein kinase A 

(PKA) pathway. The isoproterenol-induced increase in the IL-6 mRNA level was 

inhibited by the PKA inhibitor H89 (5 µM), but not by the protein kinase C (PKC) 

inhibitor BIM (5 µM) (Figure 20A). Forskolin (10 µM) also increased the IL-6 mRNA level 

(Figure 20B). PKA activates CREB, which regulates the expression of a variety of genes 

(Berghe et al., 2000). Isoproterenol increased CREB phosphorylation 30 minutes after 

treatment (Figure 20C). In the presence of propranolol or H89, isoproterenol did not 

increase CREB phosphorylation. Forskolin also increased CREB phosphorylation. 

Isoproterenol decreased ERK phosphorylation, which was blocked by propranolol (Figure 

20D). On the other hand, isoproterenol did not affect JNK, p38, and STAT3 

phosphorylation (Figure 20E-G). Like isoproterenol, forskolin (10 μM) and the 

MEK/ERK inhibitor U0126 (10 μM) also decreased ERK phosphorylation (Figure 20D). 

U0126 alone did not affect IL-6 mRNA levels (Figure 21C). These results suggest that 

the cAMP/PKA/CREB pathway was involved in the increase in IL-6 mRNA level 

following β-AR activation. 

 

 

 α1-ARs coupled to Gq proteins activate the Ca2+/PKC pathway, which increases 

MAPKs phosphorylation (Naor et al., 2000). Therefore, I investigated whether PKC 

and/or MAPKs regulate IL-6 mRNA levels following α1-AR activation. The 

phenylephrine-induced increase in the IL-6 mRNA level was inhibited by BIM, but not 
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by H89 (Figure 21A). Phenylephrine did not affect CREB phosphorylation (Figure 21B). 

U0126 (10 µM) abolished the phenylephrine-induced increase in the IL-6 mRNA level 

(Figure 21C). Phenylephrine increased ERK phosphorylation (Figure 21D). In the 

presence of prazosin, BIM, or U0126, phenylephrine did not increase ERK 

phosphorylation. On the other hand, phenylephrine did not affect JNK, p38, and STAT3 

phosphorylation (Figure 20G, 21E, F). These results suggest that the PKC/ERK pathway 

was involved in the increase in IL-6 mRNA level following α1-AR activation. 

 

 

 Noradrenaline increased ERK and JNK phosphorylation but not p38, and these 

increases were inhibited by prazosin (Figure 21D-F). Therefore, I investigated whether 

ERK or JNK phosphorylation affects the noradrenaline-induced increase in the IL-6 

mRNA levels. U0126 and the JNK inhibitor SP600125 (10 µM) suppressed the 

noradrenaline-induced ERK and JNK phosphorylation (Figure 22A, B). Furthermore, 

U0126 and SP600125 abolished the noradrenaline-induced IL-6 increase (Figure 22C). 

SP600125 alone did not have any effect on IL-6 mRNA level (Figure 22D). Moreover, H89 

abolished the noradrenaline-induced IL-6 increase (Figure 22E). These results suggest 

that both cAMP/PKA and ERK and/or JNK pathways were involved in the 

noradrenaline-induced increase in the IL-6 mRNA levels. 

 

 

 Next, the long-term or indirect effects on IL-6 mRNA levels following 

adrenoceptor-activation were examined. The treatment of noradrenaline or 

adrenoceptor-agonists for 24 hours did not have any effect on IL-6 mRNA levels (Figure 

23A). Then, I examined whether some factors released by adrenoceptor activation are 

involved in IL-6 mRNA levels. The 3-hour treatment of ACM, derived from the ACM-

donor cells treated with noradrenaline or dexmedetomidine but not phenylephrine and 

isoproterenol, increased IL-6 mRNA levels in the ACM-recipient cells (Figure 23B, C). 

The effect of dexmedetomidine was abolished by the treatment of atipamezole for the 

ACM-donor cells (Figure 23D). However, there were no changes in IL-6 mRNA levels in 

the ACM-donor cells (Figure 23E). These results suggest that α2-AR activation increased 

IL-6 mRNA levels via some factors released into the extracellular medium. 
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 Next, I investigated the effects of dopamine on astrocytic process formation. 

Dopamine at 1 μM had no effect on process formation (Figure 24A), whereas dopamine 

at 100 μM induced process formation (Figure 24B). This effect was inhibited by 

propranolol but not by SCH23390. Haloperidol and atipamezole (10 μM) enhanced 

dopamine-induced process formation. The effect of dopamine (100 μM) was partially 

inhibited by atenolol, ICI118551, and SR59230A (Figure 24C). SKF81297, SKF83822, 

isoproterenol, and forskolin, but not SKF83959 and bromocriptine, induced process 

formation (Figure 24D, E). These results suggest that D1-like receptor and β-AR 

activation induced process formation while D2-like receptor and α2-AR activation 

inhibited that. 

 

 

 I investigated whether activating dopamine receptors affects astrocytic 

morphology in acute hippocampal slices in addition to cultured astrocytes. Dopamine, 

SKF81297, and isoproterenol (10 μM for 90 minutes) increased the mean intensity of 

GFAP expression (Figure 25A, B). Astrocytes treated with these drugs displayed 

increases in the total branch length and the number of branches, but not the average 

branch length (Figure 25C-E). In addition, the Sholl analysis showed increases in 

intersections and shifts in the curve to the right, which indicates an enhanced complexity 

of astrocytic processes (Figure 25F). Dopamine changed morphology in astrocytes of slice 

tissue as well as in cultured astrocytes via β- and D1-like receptors. 
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II-4  Discussion 

 

 In Chapter II, I found that D1- and D2-like receptors and α1-AR, in addition to 

β-ARs, regulate IL-6 expression, which involves CREB and ERK phosphorylation, in 

cultured astrocytes. Furthermore, D1- and D2-like receptors and α2-AR, in addition to β-

ARs, regulate astrocytic morphology. Especially, the high concentrations of dopamine 

regulate these effects via α- and β-ARs in addition to dopamine receptors. Furthermore, 

bidirectional regulation was observed, i.e., the effects of D1-like receptors and β-ARs 

were negatively regulated by D2-like receptors and α2-ARs (Figure 26). 

 

Concentrations of monoamines in vivo 

 It is likely that the concentrations of dopamine (1–100 μM) and noradrenaline 

(100 nM–1 µM), which increased in IL-6 mRNA levels in this study, and of dopamine (100 

µM), which induced process formation, could be reached, at least transiently, under 

physiological and pathological in vivo conditions. The concentration of dopamine in 

human cerebrospinal fluid in vivo has been reported to be 39.5 ± 19.8 nM (Strittmatter 

et al., 1997), while the concentration of dopamine in the synaptic gap reaches 10–100 μM 

(Cragg and Rice, 2004; Koppel et al., 2018). The physiological concentration of 

noradrenaline in cerebrospinal fluid is 1 nM to 100 nM (Globus et al., 1989). Under 

pathological conditions, such as acute stress and ischemic conditions dopamine and 

noradrenaline concentrations increase (Globus et al., 1989; Baker et al., 1991; Chang et 

al., 1993; Pascucci et al., 2007). Furthermore, dopamine and noradrenaline levels in the 

brain are increased several-fold in mice with LPS i.p. injection (Mori et al., 2003; Sekio 

and Seki, 2015).  

 

Effects of monoamines on IL-6 expression 

 Dopamine at low and high concentrations transiently increased IL-6 mRNA 

levels in a concentration-dependent manner. Dopamine-induced increases in IL-6 mRNA 

levels were accompanied by CREB phosphorylation, which was abolished by the D1-like 

receptor antagonist (when 1 μM dopamine was used) and the β-antagonist (when 100 

μM dopamine was used). Furthermore, the D1-like receptor adenylyl cyclase agonist 

SKF83822, but not the D1-like receptor phospholipase C agonist SKF83959, increased 

IL-6 mRNA levels. The β-agonist and the adenylyl cyclase activator also increased IL-6 

mRNA levels. These results suggest that low dopamine concentrations act via the D1-

like receptor/cAMP/CREB pathway, whereas high dopamine concentrations act via the 
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β-AR/cAMP/CREB pathway to activate IL-6 transcription. In contrast, under some 

antagonist treatment conditions, IL-6 mRNA levels did not correlate with CREB 

phosphorylation. Although the D1-like receptor antagonist partially decreased dopamine 

(100 μM)-induced CREB phosphorylation, it had no effect on IL-6 mRNA levels. These 

effects are likely due to the potent effect of dopamine via β-ARs, and CREB 

phosphorylation above a certain level may not contribute to the increase in IL-6 mRNA 

levels. Furthermore, the D2-like receptor antagonists further enhanced dopamine (100 

μM)-induced IL-6 mRNA increases, suggesting that D2-like receptors exert a suppressive 

effect on IL-6 transcription in the presence of high dopamine concentrations. Contrary 

to this result, D2-like receptor antagonists suppressed dopamine (100 μM)-induced 

CREB phosphorylation. Therefore, other pathways are likely to be involved in this 

suppressive effect. 

 The D2-like receptor antagonist had no effects on IL-6 mRNA levels stimulated 

by a low concentration of dopamine, not by a high concentration. D2-like receptors have 

a higher affinity for dopamine (Seeman and Grigoriadis, 1987); however, D2-like receptor 

expression is lower than D1-like receptor expression in at least 21 brain regions 

(Richfield et al., 1989). In a simulation with model parameters for dopamine receptors 

in striatal neurons, the amount of dopamine binding to D2-like receptors was 

approximately 10 times lower than that to D1-like receptors in the presence of 1 μM 

dopamine (Hunger et al., 2020). The D2-like receptor antagonist may not have exerted 

any effect because of the low numbers of D2-like receptors available for dopamine 

binding. 

 The maximum effect of noradrenaline on IL-6 mRNA transcription was higher 

than that of isoproterenol. Noradrenaline has a higher affinity for α-ARs than β-ARs 

(Arnsten, 2000). The effect of noradrenaline on IL-6 transcription was suppressed by 

both α1- and β-antagonists, and the α1-agonist phenylephrine also activated the IL-6 

transcription. These results indicate that α1-ARs are involved in the transcriptional 

activation of IL-6 in astrocytes. Phenylephrine activated ERK and IL-6 transcription, 

both of which were suppressed by the PKC and ERK inhibitors. Phenylephrine also did 

not affect CREB, JNK, and p38 phosphorylation. These results indicate that α1-ARs 

activate IL-6 transcription via the PKC/ERK pathway in astrocytes. Meanwhile, 

isoproterenol activated CREB and IL-6 transcription, both of which were suppressed by 

the PKA inhibitor. The adenylate cyclase activator forskolin mimicked the action of 

isoproterenol. These results indicate that β-ARs activate IL-6 transcription via the 

cAMP/PKA/CREB pathway. Moreover, the noradrenaline-activated transcription of IL-6 



54 

 

was inhibited by both the ERK inhibitor and the JNK inhibitor. The phosphorylation of 

ERK or JNK activates common factors, such as c-jun and Elk (Shaulian and Karin, 2001), 

which may be also involved in IL-6 transcription. Noradrenaline-activated transcription 

of IL-6 was also inhibited by the PKA inhibitor. Therefore, the pathway of noradrenaline-

activated IL-6 transcription is likely to include the pathways activated by phenylephrine 

and isoproterenol. Furthermore, in contrast to this study, it has been shown that 

isoproterenol suppresses LPS-induced IL-6 promoter activities via β2-ARs in astrocytes 

(Nakamura et al., 1998). LPS-induced IL-6 transcriptional activation is mediated via the 

TLR4-nuclear factor-kappa B (NF-κB) pathway (Hung et al., 2016; Zhang et al., 2016), 

and the activation of β-ARs attenuates NF-κB activity by increasing IκBα gene 

expression and protein levels (Gavrilyuk et al., 2002). In the presence of LPS, β-ARs may 

suppress IL-6 transcription by potent suppressing NF-κB. Therefore, it is likely that the 

activation of β-ARs shows bidirectional effects on IL-6 transcription via the CREB and 

NF-κB pathways. 

 The α2-antagonist atipamezole suppressed the effect of noradrenaline on IL-6, 

whereas the treatment of the α2-agonist dexmedetomidine showed no effect. 

Furthermore, the effect of noradrenaline on IL-6 transcription was completely 

suppressed by co-treatment with α1- and β-AR antagonists, indicating that noradrenaline 

activates IL-6 transcription mainly via α1- and β-ARs. One of the possible explanations 

for this discrepancy between the agonist's and antagonist's effects is that the 

mechanisms involved in the activation of one receptor subtype by a specific agonist are 

different from the mechanisms involved in the activation of multiple receptor subtypes 

by noradrenaline. For example, β1- and α2A, or α1A- and α1B-ARs form receptor-

heterodimers (Stanasila et al., 2003; Xu et al., 2003). When only one receptor from the 

heterodimer is activated, the intracellular signaling of the heterodimer is different to the 

signaling seen when both receptors in the heterodimer are activated (Jordan and Devi, 

1999; Jordan et al., 2003). This could provide an explanation for why noradrenaline-

increased JNK phosphorylation was suppressed by prazosin, while exerting no effect of 

phenylephrine on the JNK phosphorylation. Further investigations are needed to reveal 

these mechanisms. 

 ACM derived from noradrenaline- or dexmedetomidine-treated astrocytes 

increased IL-6 mRNA levels in the ACM-recipient cells. It is possible that factor(s), 

released into the extracellular medium by activation of α2-ARs, may promote IL-6 

transcription in neighboring and distant astrocytes. Activation of astrocytic α2-ARs 

increases accumulation of glutamine, as a precursor of neurotoxic glutamate (Huang and 
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Hertz, 2000), and activation of metabotropic glutamate receptors enhances the release 

or transcription of IL-6 in astrocytes (Aronica et al., 2005; Shah et al., 2012). In addition, 

the effect of released factor(s) may disappear within a few hours, because there were no 

changes in IL-6 mRNA levels in the ACM-donor cells. Further studies are needed to 

elucidate the indirect pathway of IL-6 transcriptional activation via the α2-ARs. 

  

Effects of monoamines on astrocytic process formation 

 Dopamine (100 μM) induced astrocytic process formation, which was abolished 

by a β-antagonist. Conversely, an α2-antagonist enhanced dopamine-induced process 

formation. The activation of β-ARs induces astrocytic process formation via cAMP 

signaling (Kitano et al., 2021), and the dephosphorylation of myosin light chains by 

down-regulation of the Rho pathway is involved in the mechanism of intracellular cAMP-

induced process formation (Rodnight and Gottfried, 2013). Meanwhile, the activation of 

α2-ARs inhibits both cAMP-dependent and -independent astrocytic process formation 

(Kitano et al., 2021). Furthermore, I found that dopamine or the D1-like receptor agonist 

changed astrocytic morphology and upregulated GFAP expression in acute hippocampal 

slices, suggesting that dopamine receptors are involved in modulating astrocytic 

morphology in vivo not only in vitro. IL-6 upregulation may contribute to dopamine-

induced morphological changes in astrocytes. However, it has been reported that the 

morphology of astrocytes in GFAP-IL6 transgenic mice does not differ from that in 

normal mice, even though GFAP-IL6 transgenic mice exhibit high IL-6 expression in 

astrocytes (Penkowa et al., 2003). Therefore, IL-6 is not likely to exert effects on 

astrocytic morphology.  

 Dopamine receptors and adrenoceptors can form homodimers and heterodimers 

(Franco et al., 2000). As discussed above, the dimerization may lead to different 

properties from the monomers. For example, D2-like receptors and β2-ARs form 

homodimers, which transduce enhanced signals compared to monomers (Hebert et al., 

1996; Wouters et al., 2019). Furthermore, D2-like receptors form heterodimers with β2-

ARs and enhance adenylate cyclase activity when stimulated by dopamine (Watts and 

Neve, 1997; Rebois et al., 2012). A dopamine D2 receptor antagonist decreases the level 

of D2-like receptor dimer formation (Wouters et al., 2019). In addition, an adenosine A1 

receptor antagonist enhances the activation of the dopamine D1 receptor coupled with 

the A1 receptor (Franco et al., 2000). Therefore, the antagonists used in this study may 

affect not only monomeric receptors but also receptor complexes. Further studies are 

needed to address this issue. 
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Role of monoamines in diseases 

 In the present study and the previous report (Kitano et al., 2021), the 

concentrations of dopamine and noradrenaline that induced astrocytic process formation 

were about 10 times higher than those that increased IL-6 expression. The effect of 

monoamines on the pathophysiology may be different depending on their concentrations. 

IL-6 has been widely reported to play a beneficial role in brain function, e.g., by acting 

as a neurotrophic factor (Wagner, 1996), suppressing neuronal cell death (Day et al., 

2014), and improving learning and memory impairment after traumatic brain injury 

(Willis et al., 2020). The D1-like agonist SKF83959 is suggested to protect nigral neurons 

from MPTP neurotoxicity via astrocytic D1-like receptors (Zhang et al., 2009). The 

activation of astrocytic D1-like receptors enhances the recovery of brain function after 

experimental stroke (Kuric et al., 2013). In addition, astrocytic β2-ARs mediate 

hippocampal long-term memory consolidation (Gao et al., 2016). As IL-6 and these 

monoamine receptors appear to contribute to recovery from various diseases, the effects 

of low dopamine and noradrenaline concentrations on IL-6 expression may be beneficial. 

Conversely, high dopamine and noradrenaline concentrations are likely to cause CNS 

inflammation and induce reactive astrocytes. In this study, dopamine (100 μM) and a β-

agonist induced morphological changes in astrocytic cultures and acute brain slices, and 

increased GFAP expression in astrocytes in acute brain slices. These characteristics are 

consistent with those of reactive astrocytes in CNS inflammation, including elongated 

and complex processes and increased GFAP expression (Pekny and Pekna, 2014). These 

monoamine and IL-6 levels increase under ischemic conditions (Baker et al., 1991; Chang 

et al., 1993; Clark et al., 1999). In addition, astrocytes upregulate β-ARs and 

downregulate α2-ARs in neurodegenerative diseases (Shao and Sutin, 1992; Mantyh et 

al., 1995). Thus, the inhibitory role of D2-like receptors and α2-ARs in astrocytes under 

extremely elevated dopamine and noradrenaline levels may contribute to improving such 

pathological conditions. Further studies are needed to reveal whether astrocytic 

dopamine receptors and adrenoceptors regulate IL-6 expression in vivo and how the 

astrocytic process and IL-6 act under physiological and pathological conditions. 
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II-5  Summary 

 

 Catecholamines, such as dopamine and noradrenaline, levels in the CNS change 

under pathological conditions such as Parkinson's disease, Alzheimer's disease, and 

ischemia. In addition, mice treated intraperitoneally with LPS have increased levels of 

catecholamines in the brain. Under those pathological conditions, astrocytes become 

reactive astrocytes characterized by morphological changes and the release of 

proinflammatory cytokines involved in pathogenesis. However, it remains unclear 

whether catecholamines regulate astrocytic morphology and cytokine production via 

catecholamine receptors other than β-ARs. In Chapter II, I investigated the effects of 

dopamine and noradrenaline on IL-6 expression and process formation and their 

intracellular mechanisms in rat primary cultured astrocytes. Dopamine increased IL-6 

expression in a concentration-dependent manner, and this was accompanied by CREB 

phosphorylation. The effects of a low dopamine concentration (1 μM) were inhibited by a 

D1-like receptor antagonist, whereas the effects of a high dopamine concentration (100 

μM) were inhibited by a β-antagonist and enhanced by a D2-like receptor antagonist. 

The α1-agonist phenylephrine, and the β-agonist isoproterenol increased IL-6 mRNA 

levels. The phenylephrine-induced IL-6 increase was accompanied by an increase in ERK 

phosphorylation, and these effects were blocked by inhibitors of PKC and ERK. The 

isoproterenol-induced IL-6 increase was accompanied by an increase in CREB 

phosphorylation, and these effects were blocked by a PKA inhibitor. These results 

indicate that low and high concentrations of dopamine increased IL-6 mRNA levels by 

CREB phosphorylation following D1-like receptors and β-ARs activation, respectively. In 

addition, IL-6 increases by α1- and β-ARs were mediated via the PKC/ERK and 

cAMP/PKA/CREB pathways, respectively. Furthermore, dopamine (100 μM) and the D1-

like receptor agonist promoted process formation, which was inhibited by a β-antagonist 

and enhanced by both an α2-antagonist and the D2-like receptor antagonist. These 

results indicated that D1- and D2-like receptors and α2-AR, in addition to β-ARs, regulate 

astrocytic morphology. In conclusion, high dopamine concentrations regulate these 

effects via α- and β-ARs in addition to dopamine receptors. Furthermore, I observed 

bidirectional regulation, i.e., the effects of D1-like receptors and β-ARs were negatively 

regulated by D2-like receptors and α2-ARs. These findings will help us to understand the 

pathogenesis of neurodegenerative diseases caused by abnormal signaling via 

catecholamine receptors. 
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II-6  Figures and tables 

 

 
Table 3. Primer sequences used for quantitative PCR. 
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Table 4. Primer sequences used for non-quantitative PCR. 
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Table 5. Antibodies used for western blotting.  
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Figure 15. Adrenoceptor and dopamine receptor subtype mRNA expression in the 

cultured astrocytes. 
Bands for all adrenoceptor and dopamine receptor subtypes were detected in the cultured 

astrocytes. RT (+) and (−) indicates samples reverse-transcribed (+) or not (−), respectively. 
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Figure 16. Effects of monoamines on mRNA levels of multiple factors. 
(A–F) The mRNA levels of Il6 (A), Il1b (B), Tnf (C), Bdnf (D), Ngf (E), and Fgf2 (F) in astrocytes 

treated with serotonin (5-HT, 10 μM), histamine (HA, 10 μM), and dopamine (DA, 10 μM) for 

1 and 3 h. The mRNA levels of each factor were normalized to the control level, which was 

arbitrarily set to a value of “1.0”. cont: control. n = 6. **p < 0.01 vs. control (Dunnett's test). All 

data are presented as means ± S.E.M. 
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  Figure 17. Effects of dopamine receptor and adrenoceptor agonists or antagonists 

on IL-6 mRNA levels. 
(A) IL-6 mRNA levels in astrocytes treated with dopamine (DA, 1 nM to 100 μM) in the 

presence or absence of the β-antagonist propranolol (PROP, 10 μM) for 1 h. n = 6. **p < 0.01 

(unpaired Student's t-test). (B–D) IL-6 mRNA levels in astrocytes treated with DA (B: 1 μM, 

C, D: 100 μM) in the presence or absence of the D1-like receptor antagonist SCH23390 (SCH, 

10 μM), D2-like receptor antagonist haloperidol (HAL, 10 μM), PROP (10 μM), β1-adrenoceptor 

antagonist atenolol (ATE, 10 μM), β2-adrenoceptor antagonist ICI118551 (ICI, 1 μM), and β3-

adrenoceptor antagonist SR59230A (SR, 1 μM) for 1 h. n = 6. n.s.: not significant, #p < 0.05, 

##p < 0.01 vs. DA alone (B, C, Dunnett's test), means with the different letter are significantly 

different and with the same letter are not significantly different from each other (D, Tukey's 

t-test). (E) IL-6 mRNA levels in astrocytes treated with SCH, HAL, ATE, ICI, and SR for 2 h. 

n = 6. vs. control (Dunnett’s test). (F) IL-6 mRNA levels in astrocytes treated with the D1-like 

receptor full agonist SKF81297 (10 μM), D1-like receptor adenylyl cyclase agonist SKF83822 

(10 μM), D1-like receptor phospholipase C agonist SKF83959 (10 μM), D2-like receptor agonist 

bromocriptine (BRO, 10 μM) for 1 h. n = 6. *p < 0.05, **p < 0.01 vs. control (Dunnett's test). (G, 

H) IL-6 protein levels of the medium were measured by ELISA. Astrocyte was treated with 

each drug for 6 h. IL-6 levels were normalized by astrocyte total protein. n = 5. #p < 0.05, ##p 

< 0.01 vs. DA alone (Dunnett's test). All data are presented as means ± S.E.M. 
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  Figure 18. Effects of dopamine receptor and adrenoceptor agonists/antagonists on 

CREB, MAPKs, and STAT3 phosphorylation. 

(A–C) The protein expression levels of phosphorylated and total CREB were quantified, and 

representative blots are shown. Astrocytes were treated with dopamine (A: 1 μM, B: 100 μM), 

D1-like receptor full agonist SKF81297 (10 μM), β-agonist isoproterenol (ISO, 1 μM), and 

adenylate cyclase activator forskolin (FSK, 10 μM) in the presence or absence of the D1-like 

receptor antagonist SCH23390 (SCH, 10 μM), D2-like receptor antagonist haloperidol (HAL, 

10 μM), and β-antagonist propranolol (PROP, 10 μM) for 30 min. cont: control. n = 6. #p < 0.05, 

##p < 0.01 vs. DA alone (A, B, Dunnett's test), *p < 0.05, **p < 0.01 vs. control (C, Dunnett's 

test). (D–G) The protein expression levels of phosphorylated and total ERK (D), JNK (E), p38 

(F), and STAT3 (G) were quantified, and representative blots are shown. Astrocytes were 

treated with dopamine (1 or 100 μM) for 10 min (D-F) or 30 min (G). cont: control. n = 6. All 

data are presented as means ± S.E.M. 
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Figure 19. Effects of noradrenaline and adrenoceptor agonists/antagonists on IL-6 

mRNA levels. 
(A) IL-6 mRNA levels in astrocytes treated with noradrenaline (NA) or the β-agonist 

isoproterenol (ISO) (1 nM-10 µM) for 3 h. n = 6. *p < 0.05, **p < 0.01 vs. control (Dunnett’s 

test). (B) IL-6 mRNA levels in astrocytes treated with NA (1 µM) in the presence or absence of 

the α1-antagonist prazosin (PRAZ, 1 µM), the α2-antagonist atipamezole (ATIP, 10 µM), and 

the β-antagonist propranolol (PROP, 10 µM) for 3 h. n = 6. Means with the different letter are 

significantly different and with the same letter are not significantly different from each other 

(Tukey’s test). (C) IL-6 mRNA levels in astrocytes treated with PRAZ, ATIP, and PROP for 4 

h. n = 6. (D) IL-6 mRNA levels in astrocytes treated with the α1-agonist phenylephrine (PHE, 

1 µM), the α2-agonist dexmedetomidine (DEX, 1 µM), and ISO (1 µM) for 3 h. n = 6. cont: 

control. **p < 0.01 vs. control (Dunnett’s test). All data are presented as means ± S.E.M. 
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Figure 20. Intracellular mechanisms of transcriptional activation of IL-6 via β-

adrenoceptors. 
(A, B) IL-6 mRNA levels in astrocytes treated with the β-agonist isoproterenol (1 µM), the 

adenylyl cyclase activator forskolin (FSK, 10 µM) in the presence or absence of the PKA inhibitor 

H89 (5 µM) and the PKC inhibitor BIM (5 µM) for 3 h. cont: control. n.s.: not significant. n = 6. 

#p < 0.05 vs. isoproterenol alone (A, Dunnett’s test), **p < 0.01 (B, unpaired Student’s t-test). 

(C-G) The protein expression levels of phosphorylated and total CREB (C), ERK (D), JNK (E), 

p38 (F), STAT3 (G) were quantified, and representative blots are shown. GAPDH was used as a 

loading control. Astrocytes were treated with α1-agonist phenylephrine (PHE, 1 µM), the α2-

agonist dexmedetomidine (DEX, 1 µM), isoproterenol (ISO), FSK, or noradrenaline (1 µM) in the 

presence or absence of the β-antagonist propranolol (PROP, 10 µM), H89 and the MEK/ERK 

inhibitor U0126 (10 µM) for 30 min (C, G) or 10 min (D-F). n = 6. *p < 0.05, **p < 0.01 vs. control 

(Dunnett’s test). All data are presented as means ± S.E.M. 
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  Figure 21. Intracellular mechanisms of IL-6 transcriptional activation via α
1
-

adrenoceptors. 
 (A, C) IL-6 mRNA levels in astrocytes treated with the α1-agonist phenylephrine (PHE, 1 µM) 

in the presence or absence of the PKC inhibitor BIM (5 µM), the PKA inhibitor H89 (5 µM), and 

the MEK/ERK inhibitor U0126 (10 µM) for 3 h. cont: control. n = 6. ##p < 0.01 vs. PHE alone 

(A, Dunnett’s test), **p < 0.01 (C, unpaired Student’s t-test). (B, D-F) The protein expression 

levels of phosphorylated and total CREB (B), ERK (D), JNK (E), and p38 (F) were quantified 

and representative blots are shown. GAPDH was used as a loading control. Astrocytes were 

treated with PHE, or noradrenaline (1 µM) in the presence or absence of the α1-antagonist 

prazosin (PRAZ, 1 µM), BIM and U0126 for 30 min (B) or 10 min (D-F). n = 6. *p < 0.05, **p < 

0.01 vs. control (Dunnett’s test). All data are presented as means ± S.E.M. 
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Figure 22. Effects of ERK, JNK, and PKA inhibitor on noradrenaline-induced 

transcriptional activation of IL-6. 
(A, B) The protein expression levels of phosphorylated and total ERK (A) and JNK (B) were 

quantified, and representative blots are shown. Astrocytes were treated with noradrenaline (1 

µM) in the presence or absence of the MEK/ERK inhibitor U0126 (10 µM) and the JNK inhibitor 

SP600125 (SP, 10 µM) for 10 min. n = 6. #p < 0.05, ##p < 0.01 vs. noradrenaline alone (Dunnett’s 

test). (C, E) IL-6 mRNA levels in astrocytes treated with noradrenaline in the presence or 

absence of U0126, SP and the PKA inhibitor H89 (5 µM) for 3 h. n = 6. ##p < 0.01 vs. 

noradrenaline alone (Dunnett’s test). (D) IL-6 mRNA levels in astrocytes treated with 

SP600125 for 4 h. n = 6. All data are presented as means ± S.E.M. 
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Figure 23. Effects of adrenoceptor-agonists on IL-6 mRNA levels via astrocyte 

conditioned medium. 
(A) IL-6 mRNA levels in astrocytes treated with noradrenaline (NA, 1 µM), the α1-agonist 

phenylephrine (PHE, 1 µM), the α2-agonist dexmedetomidine (DEX, 1 µM), and the β-agonist 

isoproterenol (ISO, 1 µM) for 24 h. cont: control. n = 6. (B) Schematic depiction of astrocyte 

conditioned medium (ACM) transfer experiment. (C, D) IL-6 mRNA levels in astrocytes 

incubated with ACM derived from astrocytes treated with NA, PHE, DEX and ISO in the 

presence or absence of α2-antagonist atipamezole (ATIP, 1 µM) for 3 h. n = 6. *p < 0.05, **p < 

0.01 vs. control (C, Dunnett’s test), #p < 0.05, ##p < 0.01 vs. DEX alone (D, Dunnett’s test). (E) 

IL-6 mRNA levels in astrocytes treated with DEX in the presence or absence of ATIP for 30 

min and incubated for 24 h following medium exchange. n = 6. All data are presented as means 

± S.E.M. 
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  Figure 24. Effects of dopamine receptor and adrenoceptor agonists/antagonists on 

astrocytic process formation. 
(A-E) Representative images of F-actin (green) and DAPI (blue) in astrocytes treated with 

dopamine (DA, A: 1 μM, B, C: 100 μM), D1-like receptor full agonist SKF81297 (10 μM), D1-

like receptor adenylyl cyclase agonist SKF83822 (10 μM), D1-like receptor phospholipase C 

agonist SKF83959 (10 μM), D2-like receptor agonist bromocriptine (BRO, 10 μM), β-agonist 

isoproterenol (ISO, 1 μM), and adenylate cyclase activator forskolin (FSK, 10 μM) in the 

presence or absence of the D1-like receptor antagonist SCH23390 (SCH, 10 μM), D2-like 

receptor antagonist haloperidol (HAL, 10 μM), β-adrenoceptor antagonist (PROP, 10 μM), α2-

adrenoceptor antagonist atipamezole (ATIP, 10 μM), β1-adrenoceptor antagonist atenolol 

(ATE, 10 μM), β2-adrenoceptor antagonist ICI118551 (ICI, 1 μM), and β3-adrenoceptor 

antagonist SR59230A (SR, 1 μM) for 3 h. Scale bars = 100 μm. The graphs express the 

percentage of cells with process formation. More than 200 cells in three random fields were 

counted. cont: control. n = 6. n.s.: not significant (A, unpaired Student's t-test), means with the 

different letter are significantly different and with the same letter are not significantly 

different from each other (B, C, Tukey's t-test), **p < 0.01 vs. control (D, E, Dunnett's test). All 

data are presented as means ± S.E.M. 
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  Figure 25. Effects of dopamine receptor and adrenoceptor agonists on GFAP 

expression in acute hippocampal slices. 
(A) Representative GFAP-stained images of the CA1 areas in acute hippocampal slices treated 

with dopamine (DA, 10 μM), D1-like receptor full agonist SKF81297 (SKF, 10 μM), and β-

agonist isoproterenol (ISO, 10 μM) for 90 min (Upper left panel: high magnification of the 

representative astrocyte). Yellow scale bars = 100 μm, green scale bars = 20 μm. (B) The mean 

grey intensity of GFAP was qualified. The results are expressed as arbitrary units (A.U.). (C–

F) The morphology of GFAP-stained astrocytes in the CA1 areas was analyzed using the Fiji-

ImageJ Simple Neurite Tracer plugin. The morphological parameters assessed were the total 

branch length (C), number of branches (D), and average branch length (E); Sholl analysis was 

also performed (F), which measures the number of intersections at concentric spheres (at 4 μm 

intervals) originating from the soma (upper right panel). Scale bars = 20 μm. cont: control. n 

= 5. *p < 0.05, **p < 0.01 vs. control (Dunnett's test). All data are presented as means ± S.E.M. 
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Figure 26. Graphical abstract in Chapter 2. 
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Conclusion 

 

 In the present study, I investigated the changes in glial cell cytokine expression 

and morphology under pathological conditions and the mechanisms of their regulation. 

In Chapter I, I showed that glial cells were transiently activated with increased cytokine 

expression and morphological changes, and microglial phagocytosis of dendritic spines 

was likely to lead to short-term memory impairment after the recovery of systemic 

symptoms in LPS-injected mouse models. In Chapter II, I also showed that monoamines, 

especially dopamine and noradrenaline, regulated IL-6 expression and process 

morphology in cultured astrocytes by multiple intracellular pathways. Taken together, 

monoamines may be involved in the pathogenesis of mental disorders by regulating 

inflammatory conditions such as cytokine production and morphology in glial cells under 

neuroinflammatory conditions. The present study shows novel pathology in which 

behavioral abnormalities occur even after recovery from glial cell activation, although 

many studies using LPS models have focused on acute symptoms. I also provide a novel 

concept that monoamines regulate neuroinflammation via multiple intracellular 

pathways in astrocytes. These findings will be useful for the development of mouse 

models with neuroinflammation and help to elucidate the pathophysiology of mental 

disorders caused by neuroinflammation. 

 There are several issues and subjects for future investigation in the present 

study. As the issue connecting Chapters I and II, it is necessary to investigate the degree 

to which monoamine regulates cytokine productions and morphological changes in glial 

cells and affects them at what stage of the pathological process in LPS model mice. 

Monoamines may be involved in early inflammatory response, since monoamines 

transiently increase about 1 hour after LPS administration in the brain (Sekio and Seki, 

2015), and their effects on IL-6 expression and morphology in cultured astrocytes also 

transiently occurred 1-3 hours after treatment. In addition, LPS administration in vivo 

increases IL-6 expression several dozen-fold (Liu et al., 2016), whereas dopamine and 

noradrenaline increased it several-fold in cultured astrocytes in the present study, which 

was mild compared to LPS in vivo. Taken together, inhibiting monoamine receptors in 

the early inflammatory process may partially reduce neuroinflammation, although the 

other effects of LPS are likely to contribute significantly to it. 

 It is important to note that proinflammatory cytokines have a dual function: 

beneficial and detrimental effects. In particular, some proinflammatory cytokines, such 

as IL-6, IL-1β, and TNF-α, enhance inflammatory responses at high doses and act as 
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neuroprotective/trophic factors at low doses, which maintain cognitive and learning 

functions via complex signaling pathways in the CNS (Bourgognon and Cavanagh, 2020). 

Therefore, it is likely to be important to control cytokine levels appropriately under 

neuroinflammation, rather than to suppress cytokine upregulation completely. However, 

it is a challenge to determine the threshold between physiologically and pathologically 

active levels and to identify and inhibit only the detrimental signaling pathways. 

 I focused mainly on astrocytes and microglia to evaluate the pathogenesis In 

the present study. Since astrocytes and microglia are the main cells in the CNS, both in 

terms of number and area of dominance, they are thought to be the main cells involved 

in the neuroinflammatory response. On the other hand, the involvement of the other 

cells needs to be taken into account. DAMPs released from neurons serve as the initiators 

of neuroinflammation and exacerbate the condition of brain sterile inflammation (Chang 

et al., 2023). Furthermore, neuroinflammation is exacerbated by humoral factors and 

microRNAs released from brain endothelial cells (Ludewig et al., 2019; Slota and Booth, 

2019). The brain was considered “immune privilege” with little infiltration of peripheral 

immune cells, but recent reports indicate that peripheral blood leukocytes infiltrate the 

brain by transcytosis under physiological and pathological conditions (Louveau et al., 

2015; Pulgar, 2019). Cells other than glial cells may be involved in neuroinflammation 

through complex regulation, and further investigations are needed, including whether 

LPS-induced neuroinflammation initially originates from local brain responses or 

circulating factors. 

 It is important to focus on long-term changes in the properties of glial cells 

caused by transient stimulation of LPS or monoamines. In many mental disorders, their 

symptoms are chronic or prolonged. In addition, glial cell activation is maintained in 

mice treated with high doses of LPS or mice under chronic stress, even after the removal 

of these stimulating factors (Qin et al., 2007; Rodríguez-Arias et al., 2018). These suggest 

that the information of inflammation is memorized in glial cells, which may lead to long-

term neuroinflammation. In general, several mechanisms by which information is stored 

in cells have been reported. For example, transcriptional regulation via intracellular 

phosphatases and epigenetic modulation is involved in the information storage of 

extracellular stimuli in neurons and innate lymphocytes, as is currently known. (Ma et 

al., 2023; Santosa and Sun, 2023). In addition, microglial epigenetic regulation is altered 

in mice treated with LPS (Zhang et al., 2022). On the other hand, the brain has plasticity, 

i.e., acquired memories are attenuated without continuous input of external stimuli. 

Therefore, I propose that the mechanism underlying the maintenance of long-term 
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inflammation in mental illness requires two factors: a mechanism of memory acquisition 

in glial cells and an external factor that maintains it. 

 I focused on the relationship between the monoamine and neuroinflammation 

hypothesis in the present study. Meanwhile, various pathways and factors have been 

proposed to be involved in the pathogenesis of mental disorders, such as the neurotrophic 

and cortisol hypothesis (Lang et al., 2004; Qin et al., 2016). A neurotrophin BDNF and 

cortisol increase with LPS-injected mice (Vakharia and Hinson, 2005; Guan and Fang, 

2006), suggesting crosstalk among multiple hypotheses. Therefore, it is necessary to 

investigate the pathogenesis comprehensively and continuously, as well as focus on 

specific factors or phases for elucidating the etiology of mental disorders caused by 

inflammation. 
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