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Abstract 15 

In brain astrocytes, noradrenaline (NA) has been shown to up-regulate IL-6 16 

production via β-adrenoceptors (ARs). However, the underlying intracellular mechanisms 17 

for this regulation is not clear, and it remains unknown whether α-ARs are involved. In 18 

this study, we investigated the AR-mediated regulation of IL-6 mRNA levels in the 19 

cultured astrocytes from rat spinal cord. NA, the α1-agonist phenylephrine, and the β-20 

agonist isoproterenol increased IL-6 mRNA levels. The phenylephrine-induced IL-6 21 

increase was accompanied by an increase in ERK phosphorylation, and these effects were 22 

blocked by inhibitors of PKC and ERK. The isoproterenol-induced IL-6 increase was 23 

accompanied by an increase in CREB phosphorylation, and these effects were blocked by 24 

a PKA inhibitor. Our results indicate that IL-6 increases by α1- and β-ARs are mediated 25 

via the PKC/ERK and cAMP/PKA/CREB pathways, respectively. Moreover, conditioned 26 

medium collected from astrocytes treated with the α2-AR agonist dexmedetomidine, 27 

increased IL-6 mRNA in other astrocytes. In this study, we elucidate that α1- and α2-ARs, 28 

in addition to β-ARs, promote IL-6 transcription through different pathways in spinal cord 29 

astrocytes.   30 

 31 
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1. Introduction 35 

 Noradrenergic neurons project to most of regions of the central nervous system 36 

(CNS) [1]. Levels of noradrenaline (NA) in the CNS change under physiological and 37 

pathological conditions, such as ischemic stroke, neuropathic pain, and Alzheimer's 38 

disease [2–4]. Furthermore, inactivation of noradrenergic neurons enhances inflammation 39 

[5] and conversely, promotes recovery from ischemic brain injury [6], suggesting that NA 40 

is involved in the pathogenesis of the CNS diseases. 41 

In the CNS, NA is released not only from synapses, but also from varicosities [7], 42 

and thus acts on astrocytes surrounding neurons. NA up-regulates the production of 43 

neurotrophins, growth factors, and proinflammatory cytokines such as interleukin-6 (IL-44 

6) in astrocytes [8,9]. IL-6 has various roles besides enhancing inflammation, acts as a 45 

neurotrophic factor [10], and suppresses neuronal cell death [9]. Since the major source of 46 

IL-6 in the CNS is astrocytes [11], NA could affect physiological functions and disease 47 

pathogenesis by modulating IL-6 production via astrocytic adrenoceptors (ARs). There are 48 

two main groups of ARs, i.e., α and β, with 9 subtypes in total [12]; astrocytes express α1-, 49 

α2- and β-ARs [13]. In cultured cerebral astrocytes, NA increases IL-6 production via 50 

activation of β-ARs [14]. However, the intracellular mechanisms that underlie NA-induced 51 

IL-6 production in astrocytes are not fully explained. In addition, it is not clear whether 52 

α-ARs are involved in IL-6 production. It was reported that α-ARs were not involved in 53 
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NA-activated IL-6 transcription in astrocytes [9], conversely, another study showed that 54 

NA-activated IL-6 production was inhibited by an α-AR antagonist [15]. In both studies, 55 

only antagonists rather than both agonists and antagonists were used, and the expression 56 

of AR-subtypes was not confirmed. Astrocytic α-ARs have functionally significant roles, 57 

such as regulation of neuronal activity and blood flow [16–18]. Since these functions may 58 

be related to astrocytic IL-6 production, it is important to elucidate the involvement of α-59 

ARs in IL-6 production. 60 

In the spinal cord, the concentration of NA changes in response to ischemia, 61 

neuropathic pain, and aging [4,19,20]. In vivo administration of IL-6 promotes axonal 62 

sprouting and synapse formation, leading regeneration and functional recovery after 63 

spinal cord injury [21]. Furthermore, astrocytes show regional differences in receptor 64 

expression, transcriptional factor activity, and responses to inflammation [22–24]. 65 

Therefore, it is worth investigating the contribution of ARs to the regulation of IL-6 in 66 

spinal cord astrocytes. 67 

In this study, we identified AR-subtypes that participate in the transcriptional 68 

regulation of IL-6 and investigated the intracellular signaling following the activation of 69 

each AR-subtypes in the cultured astrocytes from rat spinal cord. 70 

  71 
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2. Materials and methods 72 

 73 

2.1. Materials 74 

Antibodies against ERK1/2 (#4695S, 1:2500), phospho-ERK 1/2 (#9101S, 1:2500), 75 

p38 (#9212S, 1:2000), phospho-p38 (#9211S, 1:1000), SAPK/JNK (#9252S, 1:2500), 76 

phospho-SAPK/JNK (#9251S, 1:1500), STAT3 (#4904S, 1:4000), and phospho-STAT3 77 

(#9145S, 1:2000) were purchased from Cell Signaling Technology (Danvers, MA, USA). 78 

Antibody against CREB (#sc-377154, 1:500) and phospho-CREB (#sc-81486, 1:250) were 79 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). A peroxidase-80 

conjugated mouse anti-glyceraldehyde 3-phosphate dehydrogenase antibody (GAPDH; 81 

#G9295, 1:50000), dexmedetomidine hydrochloride, atipamezole hydrochloride, and 82 

isoproterenol hydrochloride were purchased from Sigma–Aldrich (St. Louis, MO, USA). 83 

Phenylephrine hydrochloride, propranolol hydrochloride, forskolin, U0126, and SP600125 84 

were purchased from FUJIFILM Wako Pure Chemical (Osaka, Japan). L-noradrenaline 85 

bitartrate monohydrate and prazosin hydrochloride were purchased from Tokyo Chemical 86 

Industry (Tokyo, Japan). H89 and bisindolylmaleimide II (BIM) were purchased from 87 

Cayman Chemical (Ann Arbor, MI, USA). 88 

 89 
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2.2. Animals 90 

All animal care and experimental protocols were approved by the Committee on 91 

Animal Experimentation, Graduate School of Veterinary Medicine, Hokkaido University 92 

(No. 19-0009), which has been awarded Accreditation Status by the Association for 93 

Assessment and Accreditation of Laboratory Animal Care (AAALAC) International. 94 

Wistar rats were obtained from CLEA Japan (Tokyo, Japan). Male and female pups aged 95 

3–5 days were used for primary astrocyte cultures. 96 

 97 

2.3. Primary cultures of spinal cord astrocytes 98 

Primary cultures of spinal cord astrocytes were obtained as previously described 99 

[25]. In brief, spinal cords were isolated from rat pups, minced, and incubated with papain 100 

(10 U/ml) and DNase (0.1 mg/ml). Dissociated cells were suspended in Dulbecco's Modified 101 

Eagle's Medium/Ham's F-12 containing 10% fetal bovine serum, 100 U/ml penicillin, and 102 

0.1 mg/ml streptomycin. The cell suspension was seeded onto a poly-l-lysine-coated T75 103 

flask. After 7–8 days, the flask was shaken at 250 rpm at 37°C for at least 12 h to remove 104 

all cells except for astrocytes. Adherent cells were detached with trypsin and re-seeded 105 

onto poly-l-lysine-coated 6- and 12-well plates at a density of 8.0 × 103 cells/cm2. After 3 106 

days, the cell culture had reached confluence and the medium was changed to serum-free 107 

medium. Cell cultures were treated with NA or AR-agonists 1 h after the medium 108 



7 

 

exchange, and were treated with AR-antagonists or inhibitors immediately after the 109 

exchange. After the given time (detailed in the figure legends and results section), the cell 110 

culture was used for experiments. 111 

 112 

2.4. RNA extraction and real-time PCR analyses 113 

Total RNAs were extracted from cultured astrocytes using RNAiso Plus (Takara 114 

Bio, Tokyo, Japan). To remove genomic DNA and synthesize cDNA, the RNA sample was 115 

then incubated with qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). 116 

Real-time PCR was performed using Thunderbird SYBR qPCR Mix (TOYOBO), each 117 

primer, and the cDNA reaction solution. The primers used were as follows: 5’- GAT TGT 118 

ATG AAC AGC GAT GAT GC-3’ (forward) and 5’- AGA AAC GGA ACT CCA GAA GAC C -119 

3’ (reverse) for IL-6; 5’- GCA AGA GAG AGG CCC TCA G -3’ (forward) and 5’- TGT GAG 120 

GGA GAT GCT CAG TG -3’ (reverse) for GAPDH. Thermal cycles were performed using 121 

Eco Real Time PCR System (Illumina, CA, USA). Cycling conditions were 95°C for 1 min 122 

(for initial denaturation), followed by 40 cycles of denaturation (95°C, 15 s), annealing and 123 

extension (61°C, 45 s). RNAs without reverse transcription were used as a negative control 124 

to examine DNA contamination and these were not amplified by real-time PCR. Melt curve 125 

analysis confirmed that the obtained amplicon was only the one expected in each reaction. 126 

The expression levels of the IL-6 relative to GAPDH were calculated by the ΔΔCq method 127 
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and were expressed as relative to the control, which was arbitrarily set to a value of “1.0”. 128 

 129 

2.5. Western blotting 130 

Astrocytes were lysed in RIPA buffer containing a protease inhibitor cocktail 131 

(nacalai tesque, Kyoto, Japan). The samples were separated by 10% SDS-PAGE and 132 

transferred to polyvinylidene difluoride membranes (Millipore, CA, USA). The membranes 133 

were blocked with 5% skimmed milk and then incubated with a primary antibody at 4°C 134 

for at least 12 h. Thereafter, the membranes were incubated for 1 h at room temperature 135 

with a horseradish peroxidase-conjugated secondary antibody (GE Healthcare, Little 136 

Chalfont, UK). Antibody binding was visualized by ECL Prime (GE Healthcare). Band 137 

intensities were measured using ImageJ software (National Institutes of Health) and 138 

expressed as relative to the control, which was arbitrarily set to a value of “1.0”. 139 

 140 

2.6. Preparation and treatments of astrocyte conditioned medium 141 

 Agonists or antagonists were treated to the primary cultures of astrocytes in the 142 

manner described above. Following agonist treatments for 30 min, cells were refreshed 143 

with serum-free medium. After 24 h incubation, the medium was collected from each 144 

treated well. RNA extraction was performed at the same time as the medium was collected. 145 

The medium was centrifuged at 300 × g to remove dead cells and the supernatant was 146 
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used as astrocyte conditioned medium (ACM). The drug-treated astrocytes to produce 147 

ACM were defined as ACM-donor cells. The ACM was transferred to another primary 148 

culture of astrocytes, which was defined as ACM-recipient cells. The ACM-recipient cells 149 

were incubated for 3 h followed by RNA extraction. 150 

 151 

2.7. Data analysis 152 

Data are expressed as means ± S.E.M (n = number of independent measurements). 153 

Statistical comparisons between two groups were made using the unpaired Student’s t-154 

test. For multiple comparisons, one-way ANOVA followed by the Dunnett’s test was used. 155 

A value of p < 0.05 was considered as a statistically significant level. All statistical analysis 156 

was performed with Ekuseru-Toukei 2008 (Social Survey Research Information Co., Ltd., 157 

Tokyo, Japan). 158 

  159 
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3. Results 160 

 161 

3.1. Effects of AR-agonists and antagonists on IL-6 mRNA levels  162 

 We have previously confirmed the expression of α1-, α2- and β-ARs by RT-PCR 163 

analysis in the cultured astrocytes from rat spinal cord [26]. Treatment of astrocytes with 164 

NA (1 or 10 µM) increased the IL-6 mRNA level (Fig. 1A), which reached a peak 1 h after 165 

treatment and remained significantly higher than the untreated control for up to 6 h. The 166 

treatment of either NA or the β-agonist isoproterenol for 3 h increased IL-6 mRNA level in 167 

a concentration-dependent manner (Fig. 1B). The maximum increase in the IL-6 mRNA 168 

level was higher in response to NA than that it was to isoproterenol.  169 

In addition to isoproterenol (1 µM), the IL-6 mRNA level was increased by the α1-170 

agonist phenylephrine (1 µM) but not by the α2-agonist dexmedetomidine (1 µM) (Fig. 1C). 171 

The NA-induced increase in the IL-6 mRNA level was inhibited by the α1-antagonist 172 

prazosin (1 µM), the α2-antagonist atipamezole (10 µM), and the β-antagonist propranolol 173 

(10 µM) (Fig. 1D). Co-treatment with prazosin and propranolol abolished the NA-induced 174 

increase in the IL-6 mRNA level. Additional treatment with atipamezole did not cause 175 

further inhibition. None of the antagonists alone had any effect on IL-6 mRNA levels (Fig. 176 

1E). 177 

 178 
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3.2. Mechanisms of increase in IL-6 mRNA via β-ARs 179 

In general, β-ARs coupled to Gs proteins activate the cAMP/protein kinase A 180 

(PKA) pathway. The isoproterenol-induced increase in the IL-6 mRNA level was inhibited 181 

by the PKA inhibitor H89 (5 µM), but not by the protein kinase C (PKC) inhibitor BIM (5 182 

µM) (Fig. 2A). The adenylyl cyclase activator forskolin (10 µM) also increased the IL-6 183 

mRNA level (Fig. 2B). PKA activates cAMP response element binding protein (CREB), 184 

which regulates the expression of a variety of genes [27]. Isoproterenol increased CREB 185 

phosphorylation 30 min after treatment (Fig. 2C). In the presence of propranolol or H89, 186 

isoproterenol did not increase CREB phosphorylation. Forskolin also increased CREB 187 

phosphorylation. These results suggest that the cAMP/PKA/CREB pathway is involved in 188 

the increase in IL-6 mRNA level following β-AR activation.  189 

 190 

3.3. Mechanisms of increase in IL-6 mRNA via α1-ARs 191 

α1-ARs coupled to Gq proteins activate the Ca2+/PKC pathway, which increases 192 

mitogen-activated protein kinases (MAPKs) phosphorylation [28]. Therefore, we 193 

investigated whether PKC and/or MAPKs participates in the transcriptional activation of 194 

IL-6 following α1-AR activation. The phenylephrine-induced increase in the IL-6 mRNA 195 

level was inhibited by BIM, but not by H89 (Fig. 3A). Phenylephrine did not affect CREB 196 

phosphorylation (Fig. 3B). The MAPK-ERK (extracellular signal-regulated kinase) kinase 197 
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(MEK)/ERK inhibitor U0126 (10 µM) abolished the phenylephrine-induced increase in the 198 

IL-6 mRNA level (Fig. 3C). Phenylephrine increased ERK phosphorylation (Fig. 3D). In 199 

the presence of prazosin, BIM, or U0126, phenylephrine did not increase ERK 200 

phosphorylation. On the other hand, phenylephrine did not affect c-jun N-terminal kinase 201 

(JNK) or p38 phosphorylation (Fig. 3E, F). These results suggest that the PKC/ERK 202 

pathway is involved in the increase in IL-6 mRNA level following α1-AR activation. 203 

 204 

3.4. Effects of MAPKs or PKA inhibitor on NA-induced transcriptional activation of IL-6 205 

NA increased ERK and JNK phosphorylation but not p38, and these increases 206 

were inhibited by prazosin (Fig. 3D, E, F). Therefore, we investigated whether ERK or 207 

JNK phosphorylation affects the NA-induced increase in the IL-6 mRNA levels. U0126 208 

and the JNK inhibitor SP600125 (10 µM) suppressed the NA-induced ERK and JNK 209 

phosphorylation (Fig. 4A, B). Furthermore, U0126 and SP600125 abolished the NA-210 

induced IL-6 increase (Fig. 4C). SP600125 alone did not have any effect on IL-6 mRNA 211 

level (Fig. 4D). Moreover, H89 abolished the NA-induced IL-6 increase (Fig. 4E). Since IL-212 

6 transcription is activated by STAT3 phosphorylation [29], we investigated the effect of 213 

AR-agonists on it. NA, phenylephrine, and isoproterenol had no effect on STAT3 214 

phosphorylation (Fig. 4F). These results suggest that both cAMP/PKA and ERK and/or 215 

JNK pathways are involved in the NA-induced increase in the IL-6 mRNA level. 216 
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 217 

3.5. Effects of AR-agonists on IL-6 mRNA levels via astrocyte conditioned medium. 218 

 We tested the long-term or indirect effects on IL-6 transcription following AR-219 

activation. The treatment of NA or AR-agonists for 24 h did not have any effect on IL-6 220 

mRNA levels (Fig. 5A). Then, we examined whether some factors released by AR-221 

activation are involved in IL-6 transcription. The 3 h treatment of astrocyte conditioned 222 

medium (ACM), derived from the ACM-donor cells treated with NA or dexmedetomidine 223 

but not phenylephrine and isoproterenol, increased IL-6 mRNA levels in the ACM-224 

recipient cells (Fig. 5B, C). The effect of dexmedetomidine was abolished by the treatment 225 

of atipamezole for the ACM-donor cells (Fig 5D). However, there were no changes in IL-6 226 

mRNA levels in the ACM-donor cells (Fig. 5E). These results suggest that α2-ARs increase 227 

IL-6 mRNA level via some factors released into the extracellular medium. 228 

  229 
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4. Discussion 230 

 In this study, we elucidate that α1- and α2-ARs, in addition to β-ARs, are involved 231 

in the transcriptional activation of IL-6 in astrocytes. Moreover, we showed that AR-232 

mediated activation of IL-6 transcription involves CREB and MAPKs. Astrocytic ARs are 233 

likely to play a role in physiological and/or pathophysiological functions in the CNS by 234 

regulating the production of IL-6. 235 

NA activated the transcription of IL-6 in spinal cord astrocytes. In this study, NA 236 

concentration-dependently increased IL-6 transcription at concentrations of 10 nM to 1 237 

µM. The physiological concentration of NA in cerebrospinal fluid is 1 nM to 100 nM [2,30]. 238 

Therefore, physiological concentrations of NA are sufficient to induce IL-6 production by 239 

astrocytes. In addition, since NA levels increase in ischemia and neuropathic pain [2,4] 240 

and decrease in Alzheimer's disease [3], IL-6 production by NA in astrocytes is likely to 241 

change under pathological conditions.  242 

The maximum effect of NA on IL-6 mRNA transcription was higher than that of 243 

isoproterenol. NA has a higher affinity for α-ARs than β-ARs [31]. The effect of NA on IL-244 

6 transcription was suppressed by both α1- and β-antagonists, and the α1-agonist 245 

phenylephrine also activated the IL-6 transcription. These results indicate that α1-ARs 246 

are involved in the transcriptional activation of IL-6 in spinal cord astrocytes. On the other 247 

hand, in cultured cerebral astrocytes, NA activates IL-6 transcription, which is inhibited 248 
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by antagonists for β-ARs, but not for α-ARs [9]. Moreover, α1-AR activation stimulates 249 

ERK phosphorylation in cultured spinal cord astrocytes [32], but not in cerebral astrocytes 250 

[33]. Astrocytes show regional differences in receptor expression, transcriptional factor 251 

activity, and responses to inflammation [22–24]. Therefore, these astrocyte heterogeneities 252 

may be involved in the discrepancy in the involvement of α1-ARs between spinal and 253 

cerebral astrocytes. 254 

The α2-antagonist atipamezole suppressed the effect of NA on IL-6, whereas the 255 

treatment of the α2-agonist dexmedetomidine for 3 h showed no effect. Furthermore, the 256 

effect of NA on IL-6 transcription was completely suppressed by co-treatment with α1- and 257 

β-AR antagonists, indicating that NA activates IL-6 transcription mainly via α1- and β-258 

ARs. One of the possible explanations for this discrepancy between the agonist's and 259 

antagonist's effects is that the mechanisms involved in the activation of one receptor 260 

subtype by a specific agonist are different from the mechanisms involved in the activation 261 

of multiple receptor subtypes by NA. For example, β1- and α2A, or α1A- and α1B-ARs form 262 

receptor-heterodimers [34,35]. When only one receptor from the heterodimer is activated, 263 

the intracellular signaling of the heterodimer is different to the signaling seen when both 264 

receptors in the heterodimer are activated [36,37]. This could provide an explanation for 265 

why NA-increased JNK phosphorylation was suppressed by prazosin, while exerting no 266 

effect of phenylephrine on the JNK phosphorylation. Further investigations are needed to 267 
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reveal these mechanisms. 268 

Transcription of IL-6 is promoted by binding of transcription factors, such as AP1, 269 

CREB, and NF-κB, to specific DNA sequences and p300/CBP [38,39]. In addition, 270 

activation of MAPKs signaling can lead to AP1 activation [40]. In this study, 271 

phenylephrine activated ERK and IL-6 transcription, both of which were suppressed by 272 

the PKC and ERK inhibitor. Phenylephrine also did not affect CREB, JNK, and p38 273 

phosphorylation. These results indicate that α1-ARs activate IL-6 transcription via the 274 

PKC/ERK pathway in spinal cord astrocytes. Meanwhile, isoproterenol activated CREB 275 

and IL-6 transcription, both of which were suppressed by the PKA inhibitor. The adenylate 276 

cyclase activator forskolin mimicked the action of isoproterenol. These results indicate 277 

that β-ARs activate IL-6 transcription via the cAMP/PKA/CREB pathway in spinal cord 278 

astrocytes. As in this study, the effects of β-ARs on IL-6 secretion or transcription are 279 

mediated via the cAMP/PKA pathway in cerebral astrocytes [9,14]. Moreover, the NA-280 

activated transcription of IL-6 was inhibited by both the ERK inhibitor and the JNK 281 

inhibitor. The phosphorylation of ERK or JNK activates common factors, such as c-jun and 282 

Elk [41], which may be also involved in IL-6 transcription. NA-activated transcription of 283 

IL-6 was also inhibited by the PKA inhibitor. Therefore, the pathway of NA-activated IL-284 

6 transcription is likely to include the pathways activated by phenylephrine and 285 

isoproterenol. In addition to these pathways, STAT3 phosphorylation activates IL-6 286 
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transcription in astrocytes [29], but NA, phenylephrine, and isoproterenol had no effect on 287 

STAT3 phosphorylation in this study. Therefore, the STAT3 pathway is likely not involved 288 

in AR-induced IL-6 transcriptional activation in astrocytes. Furthermore, in contrast to 289 

this study, it has been shown that isoproterenol suppresses lipopolysaccharide (LPS)-290 

induced IL-6 promoter activities via β2-ARs in astrocytes [42]. LPS-induced IL-6 291 

transcriptional activation is mediated via the TLR4-NF-κB pathway [43,44], and the 292 

activation of β-ARs attenuates NF-κB activity by increasing IκBα gene expression and 293 

protein levels [45]. In the presence of LPS, β-ARs may suppress IL-6 transcription by 294 

potent suppressing NF-κB. Therefore, it is likely that the activation of β-ARs shows 295 

bidirectional effects on IL-6 transcription via the CREB and NF-κB pathways. 296 

ACM derived from NA- or dexmedetomidine-treated astrocytes increased IL-6 297 

mRNA levels in the ACM-recipient cells. It is possible that factor(s), released into the 298 

extracellular medium by activation of α2-ARs, may promote IL-6 transcription in 299 

neighboring and distant astrocytes. Activation of astrocytic α2-ARs increases 300 

accumulation of glutamine, as a precursor of neurotoxic glutamate [46], and activation of 301 

metabotropic glutamate receptors enhances the release or transcription of IL-6 in 302 

astrocytes [47,48]. In addition, the effect of released factor(s) may disappear within a few 303 

hours, because there were no changes in IL-6 mRNA levels in the ACM-donor cells. 304 

Further studies are needed to elucidate the indirect pathway of IL-6 transcriptional 305 



18 

 

activation via the α2-ARs. 306 

Intraperitoneal injection of lipopolysaccharide to mice increases IL-6 mRNA levels 307 

several-fold in brain astrocytes in vivo [49]. The IL-6 increases in responses to NA or AR-308 

agonists in this study were similar in magnitude to these in vivo studies. Besides immune 309 

responses in the CNS, IL-6 acts as a neurotrophic factor [10], induces the differentiation 310 

of neural stem cells [50], and promotes vasculogenesis during the brain development [51]. 311 

Therefore, under physiological conditions, NA may play a beneficial role in the CNS 312 

functions by promoting IL-6 release from astrocytes. Conversely, treatment of spinal cord-313 

injured rats with anti-IL-6 neutralizing antibodies reduces the area of injury [52]. Under 314 

pathological conditions, NA may act on astrocytes to promote IL-6 production and delay 315 

recovery. Further studies are needed to reveal whether astrocytic ARs regulate IL-6 316 

production in vivo and how astrocytic IL-6 acts under physiological and pathological 317 

conditions. 318 

 319 

5. Conclusion 320 

 In this study, we elucidated that NA promotes the transcriptional activation of IL-321 

6 in spinal cord astrocytes, and α1- and α2-ARs, in addition to β-ARs, are involved. IL-6 322 

increase by α1- and β-ARs are mediated via the PKC/ERK and cAMP/PKA/CREB pathways, 323 

respectively. Moreover, astrocyte conditioned medium collected from cells treated with the 324 

α2-AR agonist dexmedetomidine, increased IL-6 mRNA in other astrocytes. Based on these 325 
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results, we suggest a role for NA in the CNS homeostasis and pathogenesis via modulation 326 

of cytokine production by astrocytic ARs. 327 

  328 



20 

 

CRediT authorship contribution statement 329 

 Kohei Morimoto: Conceptualization, Data curation, Formal analysis, 330 

Investigation, Visualization, Writing – original draft. Ryota Eguchi: Funding acquisition, 331 

Writing - review & editing. Taisuke Kitano: Investigation, Writing - review & editing. Ken-332 

ich Otsuguro: Conceptualization, Supervision, Funding acquisition, Writing - review & 333 

editing. 334 

 335 

Declaration of competing interest 336 

The authors declare that they have no known competing financial interests or 337 

personal relationships that could have appeared to influence the work reported in this 338 

paper. 339 

 340 

Acknowledgments 341 

This work was supported by JSPS KAKENHI Grant Number 19K23701 and the 342 

World-leading Innovative and Smart Education (WISE) Program (1801) from the 343 

Ministry of Education, Culture, Sports, Science, and Technology, Japan. 344 

  345 



21 

 

References 346 

[1] S.E. Loughlin, S.L. Foote, R. Grzanna, Efferent projections of nucleus locus 347 

coeruleus: Morphologic subpopulations have different efferent targets, 348 

Neuroscience. 18 (1986) 307–319. https://doi.org/10.1016/0306-4522(86)90156-9. 349 

[2] M.Y.T. Globus, R. Busto, W.D. Dietrich, E. Martinez, I. Valdes, M.D. Ginsberg, 350 

Direct evidence for acute and massive norepinephrine release in the hippocampus 351 

during transient ischemia, J. Cereb. Blood Flow Metab. 9 (1989) 892–896. 352 

https://doi.org/10.1038/jcbfm.1989.123. 353 

[3] W.J.G. Hoogendijk, M.G.P. Feenstra, M.H.A. Botterblom, J. Gilhuis, I.E.C. 354 

Sommer, W. Kamphorst, P. Eikelenboom, D.F. Swaab, Increased activity of 355 

surviving locus ceruleus neurons in Alzheimer’s disease, Ann. Neurol. 45 (1999) 356 

82–91. https://doi.org/10.1002/1531-8249(199901)45:1<82::AID-ART14>3.0.CO;2-T. 357 

[4] H. Matsuoka, T. Suto, S. Saito, H. Obata, Amitriptyline, but Not Pregabalin, 358 

Reverses the Attenuation of Noxious Stimulus-Induced Analgesia after Nerve 359 

Injury in Rats, Anesth. Analg. 123 (2016) 504–510. 360 

https://doi.org/10.1213/ANE.0000000000001301. 361 

[5] M.T. Heneka, V. Gavrilyuk, G.E. Landreth, M.K. O’Banion, G. Weinberg, D.L. 362 

Feinstein, Noradrenergic depletion increases inflammatory responses in brain: 363 

Effects on IκB and HSP70 expression, J. Neurochem. 85 (2003) 387–398. 364 



22 

 

https://doi.org/10.1046/j.1471-4159.2003.01694.x. 365 

[6] B. Nellgård, G. Burkhard Mackensen, S. Sarraf-Yazdi, Y. Miura, R. Pearlstein, 366 

D.S. Warner, Pre-ischemic depletion of brain norepinephrine decreases infarct size 367 

in normothermic rats exposed to transient focal cerebral ischemia, Neurosci. Lett. 368 

275 (1999) 167–170. https://doi.org/10.1016/S0304-3940(99)00743-0. 369 

[7] D. Umbriaco, S. Garcia, C. Beaulieu, L. Descarries, Relational features of 370 

acetylcholine, noradrenaline, serotonin and GABA axon terminals in the stratum 371 

radiatum of adult rat hippocampus (CA1), Hippocampus. 5 (1995) 605–620. 372 

https://doi.org/10.1002/hipo.450050611. 373 

[8] D.M. Jurič, D. Lončar, M. Čarman-Kržan, Noradrenergic stimulation of BDNF 374 

synthesis in astrocytes: Mediation via α1- and β1/β2-adrenergic receptors, 375 

Neurochem. Int. 52 (2008) 297–306. https://doi.org/10.1016/j.neuint.2007.06.035. 376 

[9] J.S. Day, E. O’Neill, C. Cawley, N.K. Aretz, D. Kilroy, S.M. Gibney, A. Harkin, T.J. 377 

Connor, Noradrenaline acting on astrocytic β2-adrenoceptors induces neurite 378 

outgrowth in primary cortical neurons, Neuropharmacology. 77 (2014) 234–248. 379 

https://doi.org/10.1016/j.neuropharm.2013.09.027. 380 

[10] J.A. Wagner, Is IL-6 both a cytokine and a neurotrophic factor?, J. Exp. Med. 183 381 

(1996) 2417–2419. https://doi.org/10.1084/jem.183.6.2417. 382 

[11] D.L. Gruol, T.E. Nelson, Physiological and pathological roles of interleukin-6 in 383 



23 

 

the central nervous system, Mol. Neurobiol. 15 (1997) 307–339. 384 

https://doi.org/10.1007/BF02740665. 385 

[12] D. Bylund, D.C. Eikenberg, J.P. Hieble, S.Z. Langer, R.J. Lefkowitz, K.P. 386 

Minneman, P.B. Molinoff, R.R.J. Ruffolo, U. Trendelenburg, International Union 387 

of Pharmacology Nomenclature Adrenoceptors, Pharmacol. Rev. 46 (1994) 121–388 

136. 389 

[13] L. Hertz, D. Lovatt, S.A. Goldman, M. Nedergaard, Adrenoceptors in brain: 390 

Cellular gene expression and effects on astrocytic metabolism and [Ca2+]i, 391 

Neurochem. Int. 57 (2010) 411–420. https://doi.org/10.1016/j.neuint.2010.03.019. 392 

[14] D. Maimone, C. Cioni, S. Rosa, G. Macchia, F. Aloisi, P. Annunziata, 393 

Norepinephrine and vasoactive intestinal peptide induce IL-6 secretion by 394 

astrocytes: Synergism with IL-1β and TNFα, J. Neuroimmunol. 47 (1993) 73–81. 395 

https://doi.org/10.1016/0165-5728(93)90286-8. 396 

[15] J. Gavin Norris, E.N. Benveniste, Interleukin-6 production by astrocytes: 397 

Induction by the neurotransmitter norepinephrine, J. Neuroimmunol. 45 (1993) 398 

137–145. https://doi.org/10.1016/0165-5728(93)90174-W. 399 

[16] V. Degos, T. Le Charpentier, V. Chhor, O. Brissaud, S. Lebon, L. Schwendimann, 400 

N. Bednareck, S. Passemard, J. Mantz, P. Gressens, Neuroprotective effects of 401 

dexmedetomidine against glutamate agonist-induced neuronal cell death are 402 



24 

 

related to increased astrocyte brain-derived neurotrophic factor expression, 403 

Anesthesiology. 118 (2013) 1123–1132. 404 

https://doi.org/10.1097/ALN.0b013e318286cf36. 405 

[17] M. Paukert, A. Agarwal, J. Cha, V.A. Doze, J.U. Kang, D.E. Bergles, 406 

Norepinephrine controls astroglial responsiveness to local circuit activity, Neuron. 407 

82 (2014) 1263–1270. https://doi.org/10.1016/j.neuron.2014.04.038. 408 

[18] S.G. Gaidin, V.P. Zinchenko, A.I. Sergeev, I.Y. Teplov, V.N. Mal’tseva, A.M. 409 

Kosenkov, Activation of alpha-2 adrenergic receptors stimulates GABA release by 410 

astrocytes, Glia. (2019) 1–17. https://doi.org/10.1002/glia.23763. 411 

[19] M.L. Ko, M.A. King, T.L. Gordon, T. Crisp, The effects of aging on spinal 412 

neurochemistry in the rat, Brain Res. Bull. 42 (1997) 95–98. 413 

https://doi.org/10.1016/S0361-9230(96)00216-X. 414 

[20] Y. Sumiya, K. Torigoe, Z. Gerevich, A. Köfalvi, E.S. Vizi, Excessive release of 415 

[3H]noradrenaline by veratridine and ischemia in spinal cord, Neurochem. Int. 39 416 

(2001) 59–63. https://doi.org/10.1016/S0197-0186(00)00124-8. 417 

[21] P. Yang, H. Wen, S. Ou, J. Cui, D. Fan, IL-6 promotes regeneration and functional 418 

recovery after cortical spinal tract injury by reactivating intrinsic growth program 419 

of neurons and enhancing synapse formation, Exp. Neurol. 236 (2012) 19–27. 420 

https://doi.org/10.1016/j.expneurol.2012.03.019. 421 



25 

 

[22] P. Ernsberger, L. Iacovitti, D.J. Reis, Astrocytes cultured from specific brain 422 

regions differ in their expression of adrenergic binding sites, Brain Res. 517 (1990) 423 

202–208. https://doi.org/10.1016/0006-8993(90)91027-E. 424 

[23] L. Schnell, S. Fearn, H. Klassen, M.E. Schwab, V.H. Perry, Acute inflammatory 425 

responses to mechanical lesions in the CNS: differences between brain and spinal 426 

cord, Eur. J. Neurosci. 11 (1999) 3648–3658. https://doi.org/10.1046/j.1460-427 

9568.1999.00792.x. 428 

[24] H. Yoon, G. Walters, A.R. Paulsen, I.A. Scarisbrick, Astrocyte heterogeneity across 429 

the brain and spinal cord occurs developmentally, in adulthood and in response to 430 

demyelination, PLoS One. 12 (2017) e0180697. 431 

https://doi.org/10.1371/journal.pone.0180697. 432 

[25] R. Eguchi, S. Yamaguchi, K. Otsuguro, Fibroblast growth factor 2 modulates 433 

extracellular purine metabolism by upregulating ecto-5′-nucleotidase and 434 

adenosine deaminase in cultured rat spinal cord astrocytes, J. Pharmacol. Sci. 139 435 

(2019) 98–104. https://doi.org/10.1016/j.jphs.2018.12.002. 436 

[26] K. Morimoto, T. Kitano, R. Eguchi, K. Otsuguro, Bidirectional modulation of TNF-437 

α transcription via α- and β-adrenoceptors in cultured astrocytes from rat spinal 438 

cord, Biochem. Biophys. Res. Commun. 528 (2020) 78–84. 439 

https://doi.org/10.1016/j.bbrc.2020.05.011. 440 



26 

 

[27] J.L. Meinkoth, A.S. Alberts, W. Went, D. Fantozzi, S.S. Taylor, M. Hagiwara, M. 441 

Montminy, J.R. Feramisco, Signal transduction through the cAMP-dependent 442 

protein kinase, Mol. Cell. Biochem. 127–128 (1993) 179–186. 443 

https://doi.org/10.1007/BF01076769. 444 

[28] Z. Naor, O. Benard, R. Seger, Activation of MAPK cascades by G-protein-coupled 445 

receptors: The case of gonadotropin-releasing hormone receptor, Trends 446 

Endocrinol. Metab. 11 (2000) 91–99. https://doi.org/10.1016/S1043-2760(99)00232-447 

5. 448 

[29] L. Du, H. Chang, W. Xu, Y. Wei, Y. Wang, L. Yin, X. Zhang, Effect of NMO-IgG on 449 

the interleukin-6 cascade in astrocytes via activation of the JAK/STAT3 signaling 450 

pathway, Life Sci. 258 (2020). https://doi.org/10.1016/j.lfs.2020.118217. 451 

[30] M. Strittmatter, M. Grauer, E. Isenberg, G. Hamann, C. Fischer, K.H. Hoffmann, 452 

F. Blaes, K. Schimrigk, Cerebrospinal fluid neuropeptides and monoaminergic 453 

transmitters in patients with trigeminal neuralgia, Headache. 37 (1997) 211–216. 454 

https://doi.org/10.1046/j.1526-4610.1997.3704211.x. 455 

[31] A.F.T. Arnsten, Through the looking glass: differential noradenergic modulation of 456 

prefrontal cortical function, Neural Plast. 7 (2000) 133–146. 457 

https://doi.org/10.1155/NP.2000.133. 458 

[32] T. Sugimoto, N. Morioka, K. Sato, K. Hisaoka, Y. Nakata, Noradrenergic 459 



27 

 

regulation of period1 expression in spinal astrocytes is involved in protein kinase 460 

a, c-Jun N-terminal kinase and extracellular signal-regulated kinase activation 461 

mediated by α1- and β2-adrenoceptors, Neuroscience. 185 (2011) 1–13. 462 

https://doi.org/10.1016/j.neuroscience.2011.04.024. 463 

[33] L. Peng, A.C.H. Yu, K.Y. Fung, V. Prévot, L. Hertz, α-adrenergic stimulation of 464 

ERK phosphorylation in astrocytes is α2-specific and may be mediated by 465 

transactivation, Brain Res. 978 (2003) 65–71. https://doi.org/10.1016/S0006-466 

8993(03)02766-5. 467 

[34] L. Stanasila, J.B. Perez, H. Vogel, S. Cotecchia, Oligomerization of the α1a- and α 468 

1b-adrenergic receptor subtypes. Potential implications in receptor internalization, 469 

J. Biol. Chem. 278 (2003) 40239–40251. https://doi.org/10.1074/jbc.M306085200. 470 

[35] J. Xu, J. He, A.M. Castleberry, S. Balasubramanian, A.G. Lau, R.A. Halls, 471 

Heterodimerization of α2A- and β1-adrenergic receptors, J. Biol. Chem. 278 (2003) 472 

10770–10777. https://doi.org/10.1074/jbc.M207968200. 473 

[36] B.A. Jordan, L.A. Devi, G-protein-coupled receptor heterodimerization modulates 474 

receptor function, Nature. 399 (1999) 697–700. https://doi.org/10.1038/21441. 475 

[37] B.A. Jordan, I. Gomes, C. Rios, J. Filipovska, L.A. Devi, Functional Interactions 476 

between μ Opioid and α 2A-Adrenergic Receptors, Mol. Pharmacol. 64 (2003) 477 

1317–1324. https://doi.org/10.1124/mol.64.6.1317. 478 



28 

 

[38] W. Vanden Berghe, L. Vermeulen, G. De Wilde, K. De Bosscher, E. Boone, G. 479 

Haegeman, Signal transduction by tumor necrosis factor and gene regulation of 480 

the inflammatory cytokine interleukin-6, Biochem. Pharmacol. 60 (2000) 1185–481 

1195. https://doi.org/10.1016/S0006-2952(00)00412-3. 482 

[39] J. V. Falvo, A. V. Tsytsykova, A.E. Goldfeld, Transcriptional control of the TNF 483 

Gene, Curr. Dir. Autoimmun. 11 (2010) 27–60. https://doi.org/10.1159/000289196. 484 

[40] M. Karin, Z.G. Liu, E. Zandi, AP-1 function and regulation, Curr. Opin. Cell Biol. 485 

9 (1997) 240–246. https://doi.org/10.1016/S0955-0674(97)80068-3. 486 

[41] E. Shaulian, M. Karin, AP-1 in cell proliferation and survival, Oncogene. 20 (2001) 487 

2390–2400. https://doi.org/10.1038/sj.onc.1204383. 488 

[42] A. Nakamura, E.J. Johns, A. Imaizumi, T. Abe, T. Kohsaka, Regulation of tumour 489 

necrosis factor and interleukin-6 gene transcription by β2-adrenoceptor in the rat 490 

astrocytes, J. Neuroimmunol. 88 (1998) 144–153. https://doi.org/10.1016/S0165-491 

5728(98)00109-X. 492 

[43] C.C. Hung, C.H. Lin, H. Chang, C.Y. Wang, S.H. Lin, P.C. Hsu, Y.Y. Sun, T.N. 493 

Lin, F.S. Shie, L. Sen Kao, C.M. Chou, Y.H. Lee, Astrocytic GAP43 induced by the 494 

TLR4/NF-κB/STAT3 axis attenuates astrogliosis-mediated microglial activation 495 

and neurotoxicity, J. Neurosci. 36 (2016) 2027–2043. 496 

https://doi.org/10.1523/JNEUROSCI.3457-15.2016. 497 



29 

 

[44] P. Zhang, Z. fang Guo, Y. ming Xu, Y. sheng Li, J. gui Song, N-Butylphthalide 498 

(NBP) ameliorated cerebral ischemia reperfusion-induced brain injury via HGF-499 

regulated TLR4/NF-κB signaling pathway, Biomed. Pharmacother. 83 (2016) 658–500 

666. https://doi.org/10.1016/j.biopha.2016.07.040. 501 

[45] V. Gavrilyuk, C. Dello Russo, M.T. Heneka, D. Pelligrino, G. Weinberg, D.L. 502 

Feinstein, Norepinephrine increases I kappa B alpha expression in astrocytes., J. 503 

Biol. Chem. 277 (2002) 29662–29668. https://doi.org/10.1074/jbc.M203256200. 504 

[46] R. Huang, L. Hertz, Receptor subtype and dose dependence of dexmedetomidine-505 

induced accumulation of [14C]glutamine in astrocytes suggests glial involvement 506 

in its hypnotic-sedative and anesthetic-sparing effects, Brain Res. 873 (2000) 297–507 

301. https://doi.org/10.1016/S0006-8993(00)02525-7. 508 

[47] E. Aronica, J.A. Gorter, A.J. Rozemuller, B. Yankaya, D. Troost, Activation of 509 

metabotropic glutamate receptor 3 enhances interleukin (IL)-1β-stimulated 510 

release of IL-6 in cultured human astrocytes, Neuroscience. 130 (2005) 927–933. 511 

https://doi.org/10.1016/j.neuroscience.2004.10.024. 512 

[48] A. Shah, P.S. Silverstein, D.P. Singh, A. Kumar, Involvement of metabotropic 513 

glutamate receptor 5, AKT/PI3K Signaling and NF-κB pathway in 514 

methamphetamine-mediated increase in IL-6 and IL-8 expression in astrocytes, J. 515 

Neuroinflammation. 9 (2012) 1–10. https://doi.org/10.1186/1742-2094-9-52. 516 



30 

 

[49] D.M. Norden, P.J. Trojanowski, E. Villanueva, E. Navarro, J.P. Godbout, 517 

Sequential activation of microglia and astrocyte cytokine expression precedes 518 

increased iba-1 or GFAP immunoreactivity following systemic immune challenge, 519 

Glia. 64 (2016) 300–316. https://doi.org/10.1002/glia.22930. 520 

[50] O. Islam, X. Gong, S. Rose-John, K. Heese, Interleukin-6 and neural stem cells: 521 

More than gliogenesis, Mol. Biol. Cell. 20 (2009) 188–199. 522 

https://doi.org/10.1091/mbc.E08-05-0463. 523 

[51] D. Fee, D. Grzybicki, M. Dobbs, S. Ihyer, J. Clotfelter, S. MacVilay, M.N. Hart, M. 524 

Sandor, Z. Fabry, Interleukin 6 promotes vasculogenesis of murine brain 525 

microvessel endothelial cells, Cytokine. 12 (2000) 655–665. 526 

https://doi.org/10.1006/cyto.1999.0599. 527 

[52] M. Tuna, S. Polat, T. Erman, F. Ildan, A.I. Göçer, N. Tuna, L. Tamer, M. Kaya, E. 528 

Çetinalp, Effect of anti-rat interleukin-6 antibody after spinal cord injury in the 529 

rat: Inducible nitric oxide synthase expression, sodium- and potassium-activated, 530 

magnesium-dependent adenosine-5′-triphosphatase and superoxide dismutase 531 

activation, and ultrastructural changes, J. Neurosurg. 95 (2001) 64–73. 532 

https://doi.org/10.3171/spi.2001.95.1.0064. 533 

  534 



31 

 

Figure legends 535 

 536 

Figure 1. Effects of NA, AR-agonists, and AR-antagonists on IL-6 mRNA levels in cultured 537 

astrocytes 538 

(A) IL-6 mRNA levels in astrocytes treated with NA (1 and 10 µM) for 1, 3, 6, and 12 h. *p 539 

< 0.05, **p < 0.01 vs. time-matched control (Dunnett’s test), n = 6. (B) IL-6 mRNA levels 540 

in astrocytes treated with NA or the β-agonist isoproterenol (ISO) (1 nM-10 µM) for 3 h. 541 

*p < 0.05, **p < 0.01 vs. control (Dunnett’s test), n = 6. (C) IL-6 mRNA levels in astrocytes 542 

treated with the α1-agonist phenylephrine (PHE, 1 µM), the α2-agonist dexmedetomidine 543 

(DEX, 1 µM), and ISO (1 µM) for 3 h. **p < 0.01 vs. control (Dunnett’s test), n = 6. (D) IL-544 

6 mRNA levels in astrocytes treated with NA (1 µM) in the presence or absence of the α1-545 

antagonist prazosin (PRAZ, 1 µM), the α2-antagonist atipamezole (ATIP, 10 µM), and the 546 

β-antagonist propranolol (PROP, 10 µM) for 3 h. ##p < 0.01 vs. NA alone (Dunnett’s test), 547 

n = 6. (E) IL-6 mRNA levels in astrocytes treated with PRAZ, ATIP, and PROP for 4 h. n = 548 

6. Data are presented as means ± S.E.M. The mRNA levels of cytokines were expressed as 549 

relative to the control, which was arbitrarily set to a value of “1.0”. 550 

 551 

Figure 2. Intracellular mechanisms of transcriptional activation of IL-6 via β-ARs 552 

(A, B) IL-6 mRNA levels in astrocytes treated with the β-agonist isoproterenol (1 µM), the 553 
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adenylyl cyclase activator forskolin (FSK, 10 µM) in the presence or absence of the PKA 554 

inhibitor H89 (5 µM) and the PKC inhibitor BIM (5 µM) for 3 h. #p < 0.05 (Dunnett’s test),  555 

**p < 0.01 (unpaired Student’s t-test), n.s.: not significant, n = 6. (C) The protein expression 556 

levels of phosphorylated and total CREB were quantified and representative blots are 557 

shown. GAPDH was used as a loading control. Astrocytes were treated with isoproterenol 558 

and FSK in the presence or absence of the β-antagonist propranolol (PROP, 10 µM) and 559 

H89 for 30 min. **p < 0.01 vs. control (Dunnett’s test), n = 6. Data are presented as means 560 

± S.E.M. 561 

 562 

Figure 3. Intracellular mechanisms of transcriptional activation of IL-6 via α1-ARs  563 

(A, C) IL-6 mRNA levels in astrocytes treated with the α1-agonist phenylephrine (1 µM) in 564 

the presence or absence of the PKC inhibitor BIM (5 µM), the PKA inhibitor H89 (5 µM), 565 

and the MEK/ERK inhibitor U0126 (10 µM) for 3 h. ##p < 0.01 (Dunnett’s test), **p < 0.01 566 

(unpaired Student’s t-test), n.s.: not significant, n = 6. (B, D-F) The protein expression 567 

levels of phosphorylated and total CREB (B), ERK (D), JNK (E), and p38 (F) were 568 

quantified and representative blots are shown. GAPDH was used as a loading control. 569 

Astrocytes were treated with phenylephrine (PHE), or NA (1 µM) in the presence or 570 

absence of the α1-antagonist prazosin (PRAZ, 1 µM), BIM and U0126 for 30 min (B) or 10 571 

min (D-F). *p < 0.05, **p < 0.01 vs. control (Dunnett’s test), n = 6. Data are presented as 572 
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means ± S.E.M. 573 

 574 

Figure 4. Effects of ERK, JNK, and PKA inhibitor on NA-induced transcriptional 575 

activation of IL-6.  576 

(A, B, F) The protein expression levels of phosphorylated and total ERK (A), JNK (B), and 577 

STAT3 (F) were quantified and representative blots are shown. GAPDH was used as a 578 

loading control. Astrocytes were treated with NA (1 µM), the α1-agonist phenylephrine 579 

(PHE, 1 µM), and the β-agonist isoproterenol (ISO, 1 µM) in the presence or absence of the 580 

MEK/ERK inhibitor U0126 (10 µM) and the JNK inhibitor SP600125 (SP, 10 µM) for 10 581 

min (A, B) or 30 min (F). #p < 0.05, ##p < 0.01 vs. NA alone (Dunnett’s test), n = 6. (C, E) 582 

IL-6 mRNA levels in astrocytes treated with NA in the presence or absence of U0126, SP 583 

and the PKA inhibitor H89 (5 µM) for 3 h. ##p < 0.01 vs. NA alone (Dunnett’s test), n = 6. 584 

(D) IL-6 mRNA levels in astrocytes treated with SP600125 for 4 h. n = 6. Data are 585 

presented as means ± S.E.M. 586 

 587 

Figure 5. Effects of AR-agonists on IL-6 mRNA levels via astrocyte conditioned medium.  588 

(A) IL-6 mRNA levels in astrocytes treated with NA (1 µM), the α1-agonist phenylephrine 589 

(PHE, 1 µM), the α2-agonist dexmedetomidine (DEX, 1µM), and the β-agonist isoproterenol 590 

(1 µM) for 24 h, n = 6. (B) Schematic depiction of astrocyte conditioned medium (ACM) 591 
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transfer experiment. (C, D) IL-6 mRNA levels in astrocytes incubated with ACM derived 592 

from astrocytes treated with NA, PHE, DEX and ISO in the presence or absence of α2-593 

antagonist atipamezole (ATIP, 1 µM) for 3 h. *p < 0.05, **p < 0.01 vs. control (C, Dunnett’s 594 

test), #p < 0.05, ##p < 0.01 vs. DEX alone (D, Dunnett’s test), n = 6. (E) IL-6 mRNA levels 595 

in astrocytes treated with DEX in the presence or absence of ATIP for 30 min and 596 

incubated for 24 h following medium exchange. n = 6. Data are presented as means ± 597 

S.E.M. 598 
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