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SUMMARY  

Using a well-established chronic visceral hypersensitivity (VH) rat model, we characterized the 

decrease of myelin basic protein, reduced number of mature oligodendrocytes (OLs), and 

hypomyelination in the anterior cingulate cortex (ACC). The results of rat gambling test showed 

impaired decision-making, and the results of electrophysiological studies showed 

desynchronization in the ACC to basolateral amygdala (BLA) neural circuitry. Astrocytes release 

various factors that modulate oligodendrocyte progenitor cell proliferation and myelination. 

Astrocytic Gq-modulation through expression of hM3Dq facilitated oligodendrocyte progenitor 

cell proliferation and OL differentiation, and enhanced ACC myelination in VH rats. Activating 

astrocytic Gq rescued impaired decision-making and desynchronization in ACC-BLA. These 

data indicate that ACC hypomyelination is an important component of impaired decision-making 

and network desynchronization in VH. Astrocytic Gq activity plays a significant role in 

oligodendrocyte myelination and decision-making behaviour in VH. Insights from these studies 

have potential for interventions in myelin-related diseases such as chronic pain-associated 

cognitive disorders. 

 

Keywords: astrocytes, brain oscillations, chronic pain, circuitry synchronization, decision-

making, demyelination, gambling task, myelin plasticity, visceral hypersensitivity 
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INTRODUCTION 

Myelination of the brain occurs concurrently with cognitive and behavioural development.1 

Various studies have established the dynamic nature of myelin, changes to which contribute 

greatly to maintaining cognitive function and brain plasticity.2–5  

In patients with irritable bowel syndrome (IBS)6, imaging studies have demonstrated the 

existence of grey matter and white matter abnormalities in the insula, ACC and corpus callosum 

areas.7,8 Magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) studies in 

patients with IBS have shown that pain severity and pain unpleasantness are correlated with 

mean fractional anisotropy (FA) extracted from white matter (WM) regions associated with 

nociception of the anterior insula and thalamus.6 Impaired myelination has been demonstrated in 

human subjects with chronic visceral pain. However, in vivo evidence of myelin plasticity in the 

chronic pain state utilizing an animal model is lacking. 

Visceral hypersensitivity (VH) is a fundamental neurological and gastrointestinal 

abnormality observed in IBS patients. We utilized a rat model with colonic anaphylaxis evoked 

by intraperitoneal injection of chicken egg albumin9 that has been shown by numerous 

investigators10,11 including ourselves12–15, to be a suitable model to study post inflammatory 

conditions of visceral hyperalgesia such as post infection IBS which occurs in up to 20% of 

patients following acute gastrointestinal infection. The clinical connection between visceral pain 

and increased incidences of depression, social anxiety, and other cognitive disorders has been 

well established.16 Symptoms of major depressive disorder (MDD) occur in 90% of IBS 

patients.7 Chronic pain patients perform poorly in gambling-like and reward-related tasks that 

involve strategic planning and decision-making such as the Iowa Gambling Task.7,17 Our 

published data reported that chronic visceral hypersensitivity is associated with decision-making 

deficits.18,19 Impaired lactate release from astrocytes disrupted ACC neural activity, causing 

cognitive dysfunction in the chronic visceral hypersensitivity state.19 Using a visceral 

hypersensitivity (VH) rat model, in this study, we examine the impairment of oligodendrocyte 

function in the cortex associated with decision-making ability of rats with chronic visceral 

hypersensitivity.  

Chronic pain patients have been reported to have elevated levels of pro-inflammatory 

cytokines.20,21 Our previous study showed development of reactive astrogliosis in the chronic VH 

rat model.19 The results of a recent study has shown increases in microglial activity and cytokine 

https://www.sciencedirect.com/topics/medicine-and-dentistry/ovalbumin
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expression in chronic trigeminal neuropathy.22 Microglia play a crucial role in neurodevelopment 

by interacting with neuronal cells such as OLs for wiring and neural circuit regulation.23 Given 

that cumulative evidence of elevated levels of pro-inflammatory cytokines, such as IL-1β, IL-6, 

and TNF-α, have been reported in patients suffering from chronic pain 20,24 and experimental 

animal models with pain 17,21, and that oligodendroglia are markedly susceptible to 

inflammation-induced excitotoxicity in both rodents and humans 25,26, in this study, we assess 

cytokines and microglial activity associated with hypomyelination in chronic visceral 

hypersensitivity rats.  

Brain activity is characteristically rhythmic and interactions between various brain regions is 

essential for complex information processing.27,28 Myelination accelerates nerve impulse 

propagation along the axon, facilitating long-range oscillations and synchrony of spike time 

arrival between neurons in different brain regions.29,30 Modifications to myelin play a key role in 

brain plasticity and learning and memory 2–5,31. Our published data show that phase-locking and 

synchronization within the ACC and between the ACC and BLA play a major role in the 

modulation of decision-making behaviour in rats.18,19 However, the underlying neural network 

mechanisms are not clear. Active neurons have been shown to modulate myelination 31,32. 

Conversely, dysfunctional neuronal circuitry has been identified in chronic visceral 

hypersensitivity 18,19 and neuropsychiatric disorders.33,34 Neurological disorders which are 

conventionally accompanied by neuronal dysfunction may stem from the disruption of myelin 

plasticity. We tested our hypotheses that hypomyelination is the important mechanism 

underlying impaired cortical neural network functioning and decision-making in the chronic 

visceral hypersensitivity state. 

It is clear that astrocytes play a crucial role in the modulation of neuronal activity and 

synaptic plasticity. Astrocytes regulate the release of neurotransmitters, and energy substrates 

such as lactate 19, which are considered to be involved in learning and memory.35 Increasing 

neuronal activity has been shown to enhance the generation of oligodendrocytes and thickness of 

individual myelin segments.32 Oligodendrocytes are responsible for remyelination, a process 

regulated by intrinsic pathways and facilitated by extrinsic factors from surrounding cells. 

Despite the surging interest in the role of the astrocytes in promoting myelin structure and 

conduction velocity 29 through their direct involvement on proliferation, differentiation and 
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migration of oligodendrocytes 36, limited attention has been given to the influence of astrocytic - 

oligodendrocyte signalling in promoting myelination, facilitating recovery of cognitive 

performance (decision-making), and modulating ACC neuronal network in chronic pain.  

In this study, we use chemogenetic activation of astrocytes to show that astrocytic – 

oligodendrocyte signalling is responsible for promoting oligodendrogenesis and adaptive 

myelination and plays a critical role in the modulation of spike timing accuracy of the ACC 

neuronal network and improving cognitive performances in both normal and chronic visceral 

hypersensitivity rats. 
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RESULTS  

Chronic visceral hypersensitivity causes ACC and corpus callosum hypomyelination 

Although there is evidence of impaired myelination in human subjects with chronic visceral 

pain6 and animal models of trigeminal neuropathic pain,22 animal studies of myelin plasticity in 

chronic visceral hypersensitivity still lacking. We examined MBP, a biomarker for myelin basic 

protein, through immunohistochemistry. Quantitative analysis after normalizing with control 

revealed a lower intensity of MBP+ fibers in the VH rats than in the controls (Figure 1A). 

Western Blot analyses of MBP extracted from the ACC also revealed a reduction in MBP 

expression in VH rats (Figure 1B). Ultrastructural analyses performed by electron microscopy 

(EM) showed that chronic visceral hypersensitivity significantly reduce the density of 

unmyelinated axons in the ACC of VH rats compare to control (Figures 1C-1D). Quantitative 

assessment of the G-ratio of myelinated fibers further revealed that the myelin sheath thickness 

had been compromised in VH rats (0.692 ± 0.07) compared to the control (0.627 ± 0.07), 

while the thickness of axons had not been altered (Figures 1E-1F). Further, MBP expression in 

the corpus callosum was also reduced in the VH rats (Figures 1G, p < 0.001), whereas no 

significant difference was observed in the hippocampus in between groups (Figures 1H-1J). 

 

Chronic visceral hypersensitivity suppressed oligodendrogenesis 

Next, we characterize the effects of chronic visceral hypersensitivity on oligodendrocyte 

progenitor cell (OPC) proliferation and oligodendrocyte (OL) population. We performed 

immunohistochemistry to determine the absolute number of OPCs (NG2+ cells, a biomarker for 

OPC cells) and OLs (CC1+ cells, a biomarker for OLs cells) in the ACC (Cg1 and Cg2) of VH 

and control rats (Figure 2A). We observed an increased number of NG2+ OPCs in VH rats 

compared to the control (Figures 2B-2C). In contrast, a significant decrease in the absolute 

number of CC1+ OLs were detected in VH rats (Figures 2D-2E). To identify the fate of the OPC 

proliferation and differentiation into mature OLs, thymidine analog 5-ethynyl-2-deoxyuridine 

(EdU) was administered to rats through i.p after the last day of VH induction and the rats were 

sacrificed 7-10 days later. A significant increase was observed in the fraction of NG2+ OPCs that 

were EdU labelled (“labelling index”) in VH rats relative to the control (Figures 2F-2G). Further, 

to clarify whether VH could prevent oligodendrogenesis and limit the formation of mature 
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myelinating OLs, we followed the same protocol and quantified the “labelling index” of CC1+ 

cells that were labelled with EdU. A significant decrease was observed in the fraction of CC1+ 

OLs that were EdU labelled in VH rats relative to the control (Figures 2H-2I). To determine 

whether the newly formed and reactive OPCs further differentiated to form mature myelinating 

OLs in VH rats, we conducted immunohistochemistry and western blot to identify the MyRF (a 

transcription factor necessary for differentiation of immature OLs to mature OLs) expression. 

We found reduced MyRF expression in the ACC of VH rats compared to the control (Figures 2J-

2M), suggesting that visceral hypersensitivity downregulates the MyRF gene, preventing OLs 

maturation and myelination which ultimately resulted in the hypomyelination of ACC in VH 

rats.  

 

Visceral hypersensitivity causes ACC neuroinflammation and astrogliosis  

The elevated levels of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, have been 

reported in patients suffering from chronic pain 20 and animal models of neuropathy pain 22. To 

examine the neuroinflammatory reaction in response to chronic visceral hypersensitivity in our 

VH model, we performed immunohistochemistry to determine the relative expression of 

inflammatory cells (CD68+ cells, a biomarker for reactive microglia) and inflammatory 

cytokines (IL1β, a biomarker for inflammatory cytokine, interleukin 1) in the ACC (Figure A). A 

significant increase in the population of ameboid shaped CD68+ cells were observed in the ACC 

of VH rats, indicating an inflammatory reaction in the ACC of VH rats. In comparison, stellate 

ramified shaped CD68+ cells were observed in control rats, indicating the presence of resting 

cells (Figures 3B-3C). Further, staining and western blot analysis of IL1β revealed higher 

expression of IL1β+ cells in VH rats compared to the control (Figures 3F, 3G and 3J). We then 

checked the expression of glial fibrillary acidic protein (GFAP) and S100 calcium-binding 

protein beta (S100β), markers of astrocytes in VH rats. Immunostaining data and western blot 

analyses revealed that the density of GFAP+ cells in the ACC was significantly increased in VH 

rats compared to the controls (Figure 3D, 3E and 3K). The density of S100β + cells was also 

increased to 953 in VH rats compared with 484 cells/mm2 in controls (Figures 3H-3I). All 

together, these observations indicate the development of ACC neuroinflammation and reactive 

astrogliosis in the chronic VH rat model. 
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Impairment of decision-making in visceral hypersensitivity  

Pain impairs cognitive performance; to assess decision-making behaviour, an executive function, 

in VH rats, we performed rat gambling task (RGT) (Figure 4). Consistent with our previous 

publications 14,19, we found no significant difference in the general activities (Figures 4A-4B) 

and three types of decision-making performers were identified (Figures 4C-4E). In the VH 

group, there was a smaller proportion of good decision-makers (35%) compared to the controls 

(62.7%). (Figures 4C-4E). The difference in proportions of the three behavioural subgroups 

(Figure 4F, p < 0.05) and total food consumption (Figure 4G) between the control and VH 

groups were significant, suggesting that chronic visceral hypersensitivity impaired decision-

making ability.  

 

Clemastine treatment rescues impaired decision-making in VH and enhances the 

generation of mature myelin forming OLs.  

 

We devised two strategies to determine whether ACC myelin plasticity is necessary for decision-

making in rats. First, to identify the physiological role of myelination in ACC, we performed a 

study of de novo focal demyelination (DM) by injecting 1% LPC 31 into the rat’s ACC region. 

The level of LPC-induced focal demyelination is greater than that of VH induced 

hypomyelination (Figures S1A-S1B). The proportion of poor decision-makers was increased, 

and the proportion of good decision-makers and total food consumption was significantly 

decreased in the DM rats (Figures S1E-S1F), mimicking the impairment found in the chronic 

pain state, further supporting the idea that myelin plasticity is necessary for cognitive 

performance in normal and pathophysiological conditions. Secondly, in separate pharmacologic 

study, we targeted ACC myelination using Clemastine which is the leading drug candidate for 

myelin formation approved by Food and Drug Administration (Deshmukh et al., 2013). We 

found that in Clemastine-treated VH rats, the proportion of good decision-makers was increased 

to 69.5% (Figure 4F). The difference in proportions of the three behavioural subgroups (Figure 

4F) and total food consumption (Figure 4G) between two groups was significant. In addition, we 

found that Clemastine treatment had no effect on the visceral pain sensation (Figures 4H-4I).  

Immunohistochemistry and western blot data revealed a higher intensity of MBP+ fibers, and 

significantly increase of the density of myelinated axons in Clemastine-treated VH rats (Figures 



9 

 

S2A-S2D, S2E-S2H) whereas the thickness of axons remained unchanged in all three groups 

(Figure S2I). Here, we observed significant increases of the number of NG2+ cells and the newly 

generating OPCs (Figures S3A-S3D) in the Clemastine-treated VH rats relative to saline-treated 

rats, indicating that Clemastine enhances OPC proliferation. Similarly, we identified significant 

increases in the number of oligodendrocyte cells (Olig2+/CC1+) in Clemastine-treated VH 

compared to saline-treated VH rats (Figures S3E-S3F) and enhanced OPC proliferation, 

differentiation and the generation of mature myelin forming OLs that could account for the 

remyelination.  

 

Chemogenetic activation of ACC astrocytes rescues decision-making deficits in VH rats 

It has been shown that hM3D(Gq) activation in astrocytes induced NMDA-dependent de-novo 

long-term potentiation in the HPC, and chemogenetic Gq activation of BLA astrocytes promoted 

fear memory formation via BLA-mPFC communication.37 In light of our finding that under 

physiological conditions and pain state, optogenetic activation of astrocytes facilitated synchrony 

of ACC circuitry (Wang et al, 2017), we utilized the chemogenetic technique to investigate the 

effect of direct in vivo astrocytic activation in cognitive function. Specifically, we delivered an 

adeno associated virus serotype 8 (AAV8) vector encoding hM3Dq tagged with mCherry under 

the control of GFAP promoter (AAV8-GFAP::hM3Dq-mCherry) into the ACC (Figures 5A-5C). 

The expression of hM3Dq has high transfection efficiency (87%) (Figure 5D) and higher 

specificity (>92%) (Figure 5E). Co-staining with the neuronal nuclei (NeuN) and microglial 

marker CD68 showed < 4% overlap with hM3Dq expression (Figure S4). To verify astrocytic 

activation in vivo, we injected CNO (3 mg/kg, i.p.) 4 weeks after surgery and stained for the 

immediate-early gene cFos. CNO dramatically increased cFos levels in CNO-treated rats, 

compared to saline-treated controls (Figures 5F-5G). To test how astrocytic activation affect 

decision-making abilities, we injected AAV8-GFAP::hM3Dq-mCherry bilaterally into the ACC. 

Three weeks later, VH induction was performed (Figure 5A). CNO was administered 30 min 

before each day of RGT training and testing. The proportion of three subgroups of decision 

makers among the four treated populations was significantly different (Figure 5H). Post hoc 

analysis revealed that the proportions of the three subgroups of decision makers were 

significantly different in both CNO-treated control, and VH rats compared with saline group. 

The final reward gain was also significantly different in the four groups (Figure 5I). However, 
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the general activities in these four groups were similar (Figure 5J). These results suggest that 

manipulation of AAC astrocytes rescues the decision-making deficit of VH rats. 

 

Astrocytic Gq pathway activation in the ACC induces OPC proliferation, differentiation 

and enhances oligodendrogenesis, OLs maturation and myelination   

 

To determine whether astrocytic chemogenetic activation induces OPC proliferation and 

differentiation, we co-administered CNO and EdU in VH and control rats for 10-14 consecutive 

days prior to perfusion fixation (Figure 6A). VH rats treated with CNO displayed an overall 

increase in the density of NG2+ OPC cells (Figures 6B-6C) as well as increase in the density of 

mitotically active EdU+/NG2+ OPCs (Figures 6B-6D) relative to saline controls. Additionally, 

an overall increase of oligodendrocyte cell labelled with mature oligodendrocyte marker CC1 

was observed in the ACC of CNO-treated VH and control group compared to saline-treated VH 

and control (Figures 6E-6F). This increase in oligodendrocyte density was likely due to enhanced 

OPC differentiation, as CNO-treated VH rats showed a 70.61% increase in the density of 

EdU+/CC1+ cells (Figure 6F) compared to saline controls. We conduct a similar experiment 

using viral approach to the normal animals and observed similar effects on OPC proliferation, 

differentiation and oligodendrogenesis after 10 days of stimulation (Figure S5). To see whether 

astrocytic Gq activation can enhance remyelination in VH rat, we stained MBP marker 10-14 

days after CNO stimulation and observed higher MBP expression in the ACC of CNO-treated 

VH and normal rats (Figures 6H-6I) compared to saline-treated VH and control rats (Figure S5). 

Ultrastructural analysis further revealed that the density of myelinated axons was significantly 

increased in CNO treated VH and normal rats in contrast to saline treated VH and control rats 

(Figures 6J and S5). Quantitative assessment of the G-ratio of myelinated fibers revealed greater 

thickness of myelin sheath in CNO-treated rats (0.600 ± 0.06) than that in saline-treated rats 

(0.663 ± 0.07) (Figures 6K-6L) whereas the thickness of axons remained unchanged in all three 

groups (Figures 6M and S5). Altogether, our data suggest that astrocytic Gq activation promotes 

OPC proliferation, differentiation, and generation of new oligodendrocytes in the ACC of VH 

and normal rat and that this oligodendrogenesis could account for the remyelination.  
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Chemogenetic activation of astrocytic Gq pathway repairs VH–induced impairments of 

ACC-amygdala spike-field synchrony 

Given that disruptions of ACC-BLA phase-locking and BLA-to-ACC information flow coincide 

with the poor decision-making performance observed in VH rats 18,19, we tested whether 

clemastine treatment in VH rats increased the SFC between ACC spikes and BLA LFP (Figures 

S6A-6B). In the VH rats, the averaged SFC values in theta range (4–10 Hz) were significantly 

decreased from 5.40% ± 0.43% to 2.90% ± 0.22% (Figure S6C). Seven days clemastine 

treatment in VH rats increased the theta SFC to 3.86% ± 0.20%, compared to the saline group, 

while fourteen days Clemastine treatment increased the theta SFC values to 5.09 ± 0.23% 

compared to VH rats. There is no significant difference for Clemastine treatment with 14 days 

compared to controls (Figure S6C). Further, clemastine treatment in VH rats restored the 

proportion of phase-locking neurons to 19.38% ± 4.29% comparable with the VH-Saline group 

(Figure S6E). We then analyzed the cross correlogram between the LFPs recorded in the ACC 

region and BLA region in all groups of rats (Figure S6F). From the cross correlograms, we 

analyzed the second positive peak corresponding to the theta activity. The magnitude of the 

second positive peak is decreased after VH induction to 0.161±0.0289 from 0.633±0.082 in 

control rats (FigureS6G). Clemastine treatment for 7 days showed significant increase in the 

magnitude of correlation value, while 14 days Clemastine treatment in VH rats also increased the 

magnitude of second peak to 0.643 ± 0.104 (Figure S6G) indicating the facilitation of 

synchronization between ACC and BLA. Then, we sought to test whether chemogenetic 

activation of astrocytic Gq pathway can also rescue the impairment of SFC and phase lock 

between ACC and BLA. Using another group of rats, we injected chemogenetic virus in ACC 

and conducted the VH modeling 3 weeks later. Then, we injected CNO or saline for 12 days, and 

recorded ACC and BLA in anesthetized state (Figure 7A, 7B). We found that VH rats received 

saline showed impaired SFC between ACC and BLA compared with Ctrl group, while VH rats 

received CNO showed significant increase SFC compared with VH-Sal group (Figure 7C, p < 

0.05, p < 0.05). Also, we confirmed that VH modeling decrease phase lock neurons percentage 

compared to control group (Figure 7D, p < 0.01). In addition, chemogenic activation of 

astrocytic Gq pathway rescued the decrease of phase lock (Figure 7D p < 0.05). Taken together, 

our data suggest that astrocytic Gq activity in ACC play an important role in ACC-BLA spike-

field synchrony. 
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DISCUSSION   

Cognition encapsulates an array of mental processes such as learning, memory, attention, 

evaluation, decision-making, etc. Psychiatric symptoms attributed to higher-order cognitive 

dysfunctions have been reproduced in behavioral tasks utilizing animal models.38 The 

mechanism for myelin plasticity in cognitive performance is yet to be clearly elucidated. Using a 

multiple flavor-place paired associates (PAs) learning and memory behavioural paradigm, our 

recent study showed that the establishment of a memory schema is associated with 

oligodendrogenesis and adaptive myelination within the ACC network. Furthermore, 

lysolecithin-induced demyelination impaired PAs learning and memory.31 These findings 

provide further evidence that myelin plasticity is related to prolonged cognitive performance. 

We and other investigators used an animal model of decision-making, the Rat Gambling 

Task (RGT) 18,19,39–41, and obtained results similar to the findings from the Iowa gambling task 

(IGT). Consistent with our previous observations, in this study, we showed that the chronic 

visceral hypersensitivity condition resulted in a higher proportion of poor decision makers and 

lower proportion of good decision makers among VH rats. We report several novel discoveries 

to strongly suggest that dysregulation of myelin plasticity occurs in chronic pain. 

Hypomyelination in the ACC neuronal circuitry may have a significant impact on neural network 

functioning. Demyelination is the important mechanism underlying impaired decision making in 

chronic visceral hypersensitivity state. 

 

Neuroinflammation associated with hypomyelination of brain areas in chronic visceral 

hypersensitivity 

A multitude of evidence has shown that CNS myelin alterations are involved in learning and 

memory processes and have wide-ranging implications for plasticity in the adult neural circuitry. 

White matter is comprised of millions of nerve fiber bundles that connect and arrange neurons in 

different brain regions into functional circuits. The myelin that constitutes white matter provides 

the electrical insulation to axons; myelin formation continues into adulthood.1 Several human 

imaging studies have identified white matter irregularities in psychiatric conditions including 

autism, chronic depression, attention-deficit hyperactivity disorder, and Alzheimer’s 

disease.34,42,43 Adverse experiences such as social isolation 44, early life stress 45, maternal high 

fat diet 46, or chemotherapy 47 can cause myelination defects, leading to behavioural 
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abnormalities. It is worth noting that studies have established regional grey matter and white 

matter abnormalities in the brains of patients with irritable bowel syndrome.6–8 

Increased levels of pro-inflammatory cytokines, such as IL-1β, IL-6 and TNF-α, have been 

found in patients suffering from depression or chronic pain 20, and in experimental animal 

models of neuropathic pain 21,48. Circulating cytokines may enter the CNS through diffusion 

through the permeable BBB; they can also be released within the brain by activated glia cells.48 

We showed higher expression of inflammatory cytokines like IL-1β and IL6 in the ACC of rats 

with trigeminal neuropathy22 and the VH rats compared to that of control rats (Figures 3C-3E). 

Increases in the number of reactive microglia were also observed in the ACC of VH rats 

compared to control (Figures 3A and 3B), which is the possible cause of neuroinflammation. 

These reactive microglia then rapidly proliferate and respond to infectious and inflammatory 

stimuli and become phagocytotic for the clearance of pathogens or infections to maintain normal 

homeostasis. Reactive microglia release substances such as inflammatory cytokines (IL-1β, 

TNF-α, IL-6), NO, PGE2, ROS and superoxide that cause neuronal damage and contribute to 

neurodegeneration. Oligodendroglia in rodents and humans are acutely sensitive to inflammation 

and oxidative stress-induced excitotoxicity.25,26 Microglia are vital to myelin plasticity due to the 

phagocytosis of myelin debris, and the secretion of cytokines, chemokines, and soluble 

mediators at the lesion site. A number of recent studies support the existence of a wide spectrum 

of microglia activation states.49 It has been reported that inflammatory mediators and reactive 

microglial cells activate Notch and Wnt signalling that may hinder OPC differentiation 50,51, 

causing hypomyelination. Here, our immunohistochemistry and Western blot data demonstrate 

the reduced expression of myelin basic protein (MBP) in the ACC of VH rats. NG2 cells are one 

of the most rapidly expanding glial cell populations in the CNS. In the adult brain, 

oligodendrocyte progenitor cells (OPCs) remain in an inactive form. However, they can be 

stimulated to undergo proliferation, differentiation and generate mature myelinating 

oligodendrocytes in response specific circumstances, such as a demyelinating injury, 

inflammatory condition52,53, or chronic hypoxia.54 In this study, we observed that total number of 

OPCs (NG2+) cells were increased in VH rats. Conversely, there was a decreased number of 

matured oligodendrocytes (OLs, CCI+) in the ACC of VH rats suggesting that the shortage of 

mature OLs could account for the hypomyelination in VH rats. We also showed decreased cells 

co-labelling of EdU+ and CC1+, suggesting impairment of OPCs differentiation and a substantial 
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decrease in the generation of mature OLs in the ACC. Moreover, ultrastructural analysis using 

electron microscopy revealed that the myelin sheath thickness had been compromised in VH rats, 

indicating that inhibition of OPC differentiation and impairment of mature myelinating OLs 

formation result in hypomyelination. Myelin regulatory factor (MyRF) is a transcriptional 

protein critical for OPCs differentiation into pre-myelinating and myelinating oligodendrocytes, 

and for the eventual production of mature myelinating OLs.5556 We show that MyRF protein is 

downregulated in VH rats compare to control. In VH rats, very few oligodendrocytes express 

MyRF protein (CC1+ MyRF+ OLs). However, whether oligodendrocyte modification is an 

important component of impaired decision-making is not clear. 

 

Myelin Plasticity in Oscillations and Brain Network Synchrony  

System level brain activity is rhythmic and oscillatory. Neuronal oscillations can synchronize 

neurons, create coherent cell assemblies 27,28,57,58, and promote plasticity when pre- and post-

synaptic activity are precisely timed.30 

 One of the well-known functions of myelin is to modulate nerve conduction velocity, which in 

turn regulates nerve and neural network plasticity.59 Recent computational analysis suggests that 

conduction delays between coupled oscillators in the brain can be sensitive to minor variations in 

conduction speed caused by slight changes in myelin.60 Myelination facilitates long-range 

oscillations and synchrony of spike time arrival between neurons in different brain areas.3,29 On 

the other hand, delicate changes in myelin may cause conduction delays between coupled 

oscillators in the brain.29 

 Our previously published data show that phase locking and synchronization within the ACC and 

between the ACC and BLA are key to modulating decision-making behaviour in rats.18,19,22,61 

How do discrete alterations in myelin morphology impact neural signal conduction in chronic 

visceral hypersensitivity? It is not known whether oligodendrocyte changes are an important 

component of impaired decision making. 

 

Pharmacologic targeting of myelin in cognitive performance and brain network synchrony  

To clarify the physiological role of myelination in circuit-specific contexts, we perform a study 

de novo demyelination of brain areas. Lysolecithin (LPC) is a detergent-like membrane 

solubilizing agent.62 Using normal rats (in vivo), we show that demyelination of ACC impairs 
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decision-making, mimicking the impairment found in the chronic pain state, further supporting 

the idea that myelin plasticity is necessary for cognitive performance in normal and 

pathophysiological conditions. However, it is unclear whether myelin plasticity propels learning 

or if changes in myelin are a consequence of the modified neuronal circuits. We provide clear 

evidence that ACC lysolecithin-induced demyelination lead to a decrease in ACC theta band 

power and reduced spike-field coherence and phase-locking between ACC spikes and theta 

phase31, suggesting the key role of myelination for long-range oscillations and synchrony of 

spike time arrival between distant populations of neurons.  

In a separate study, clemastine was used to enhance oligodendrocyte myelination. Clemastine 

is the leading drug candidate for myelin formation approved by Food and Drug Administration.63 

It has been shown to promote OPC differentiation in vitro, stimulate remyelination after 

demyelinating lesions in mice64, and prevent the onset of social isolation-induced avoidance 

behavior by enhancing myelin formation.65 Here, we observed that daily oral administration of 

clemastine prevented hypomyelination and potentiated remyelination in the visceral 

hypersensitivity condition which was associated with improvement in decision-making behavior. 

Clemastine or chemogenetic activation of astrocytic Gq pathway can restore spike-field 

coherence andphase-locking between ACC and BLA in the VH rats. Our findings support an 

elegant study that evidenced bidirectional manipulation of myelin plasticity affects neural 

activity during fear learning suggesting that delicate modifications to myelin structure can 

facilitate optimal function within the neuronal circuit.66 

Astroglia activity promotes oligodendrogenesis and adaptive myelination 

Oligodendrocytes are responsible for remyelination, a process regulated by intrinsic pathways 

and facilitated by extrinsic factors from surrounding cells.29 Astrocyte populations can be 

connected in unison to allow collective metabolic and electric coupling, as well as calcium-wave 

signaling.67 Astrocytes are capable of releasing major neurotransmitters: glutamate, ATP, 

GABA, and glycine.68,69 
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 It has been well documented that excitatory neuronal activity initiates myelination, OPC 

proliferation, differentiation.32 On the other hand, blocking neuronal activity has been shown to 

decrease OPC proliferation.70 Astrocytes support neuronal functions by providing neuronal 

energy substrates such as lactate by means of their astrocytic processes.19,71 Oligodendrocytes, 

which can consume lactate via monocarboxylate transporters, take up lactate at a greater rate 

than other CNS cells.72 In addition to supporting neuronal survival and maintenance evidences 

have shown that astrocytes promote myelin structure and conduction velocity29 through 

astrocytes Ca 2+-evoked ATP release73 and their direct involvement in the proliferation, 

differentiation and migration of oligodendrocytes.36 In this study, we showed that astrocytic Gq 

activation promotes OPC proliferation, differentiation, and generation of new oligodendrocytes 

in the ACC of VH and normal rats. Ultrastructural analysis further clarified the significant 

increases in the density of myelinated axons in CNO-treated VH and normal rats. These findings 

support recent reports concerning the ability of glial cells to promote OPCs to stimulate 

remyelination after the loss or damage of myelin.37 The role of perinodal astrocytes in regulating 

myelin structure and conduction velocity has been recently identified.29 Note that with the 

present study, we may not be able to distinguish between different possibilities of whether 

astrocytes Gq activation or clemastine treatment led to enhance myelination of hypomyelinated 

axons in VH state or whether new myelin formed by existing or new OLs increase the thickness 

of the myelin sheath. Further studies are needed to expand our understanding on the mechanism 

underlying myelination and remyelination.  

  

In conclusion, hypomyelination in ACC is an important component of impaired decision-making 

behaviour in visceral hypersensitivity. Astroglia activation promotes oligodendrogenesis and 

adaptive myelination. Enhancing oligodendrocyte myelination by chemogenetic activation of 

astrocytes restores long-range theta-frequency oscillations and synchrony of spike time arrival 

between neurons in BLA-ACC. Our results suggest that myelination-enhancing strategies present 

a novel therapeutic approach for the rescue of cognitive deficits in the chronic pain state. 

 

Limitations of study 

As already noted in the discussion, we may not be able to distinguish between different 

possibilities of whether Gq activation in astrocytes led to enhance myelination of 
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hypomyelinated axons in VH state or whether new myelin formed by existing or new OLs 

increase the thickness of the myelin sheath. Further studies are needed to expand our 

understanding on the mechanism underlying myelination and remyelination.  
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FIGURE LEGENDS 

Figure 1. Chronic visceral hypersensitivity causes ACC and corpus callosum 

hypomyelination.  

(A) Representative confocal images and relative intensity of MBP expression in the ACC region 

(layer I to IV, sections from 2.2 to 3.8 mm from the bregma) of control and VH rats show 

decreased MBP expression in VH rats. 

(B) Western blotting (WB) of BMP. β-actin, loading control. Mean MBP intensity analysis 

revealed that VH rats have lower levels of MBP compared to control rats.. 

(C) Electron micrographs of ACC region showing myelinated axon in control rats and VH rats.  

(D) Scatter plot diagram of G-ratios in control rats (blue circle, n=5 rats) and VH rats (green 

circle, n=5 rats per group) showing a smaller number of thin and/or hypomyelinated axons in VH 

rats.  

(E, F) Average G-ratio of myelinated axons in the ACC region in VH and control rats whereas 

axonal diameters did not change significantly between the two groups. 

(G-J) IHC of MBP in the corpus callosum (CC, sections from +0.16 to -1.59 mm AP from the 

bregma) and different parts of hippocampus (CA1 and CA3; −1.8 to −2.3 mm from bregma; DG; 

-1.46 to -3.8 mm from bregma) in control and VH rats. Scale bars: (A and H) 100 µm; (C ) 1 µm; 

(I-K) 50 µm . 

Data are presented as mean ± SEM (∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 by Unpaired two-tailed 

Student's t test). 

 

Figure 2. Chronic visceral hypersensitivity suppresses oligodendrogenesis. 

(A) Schematic figure of ACC (Cg1 and Cg2); representative confocal micrographs NG2+ (red) 

OPCs in the ACC (Bregma 0.62 mm) with DAPI (blue) (right, higher magnification images). 

(B - C) Representative confocal micrographs and quantification of NG2+ (green) OPCs in the 

ACC of control and VH rats. DAPI (blue) was used as a nuclear counterstain.  

(D - E) Representative confocal images and quantification of CC1+ (green) mature 

oligodendrocytes (OLs) in ACC of control and VH rats.  

(F - G) Triple immunohistochemistry (IHC) and quantification of NG2+ (red) and EdU+ (green) 

OPCs with an overlay of DAPI (blue) in the ACC of control and VH rats.  
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(H - I) Triple IHC and quantification of CC1+ (green) EdU+ (red) OLs with an overlay of DAPI 

(blue) in the ACC of control and VH rats. 

(J - K) Triple IHC and quantification of CC1+ (green) MyRF+ (red) matured OLs in the ACC of 

control and VH rats. 

(L - M) Western blotting (WB) and analysis of MyRF. β-actin, loading control. Values were 

normalized with control. 

Scale bars: (A left) 250 µm, (A right) 50 µm (B, D, F, and H) 50 µm, (J) 20 µm. 

Data are presented as mean ± SEM (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 by Unpaired two-tailed 

Student's t test). 

 

 

Figure 3. Visceral hypersensitivity causes ACC neuroinflammation and astrogliosis  

(A) Schematic figure of ACC (Cg1 and Cg2); representative confocal micrographs S-100β+ 

(red) astrocytes in the ACC (Bregma 0.62 mm) with DAPI (blue) (right, higher magnification 

images). 

(B - C) Representative confocal images and quantification of CD68 + (red) microglia in ACC of 

control and VH rats. DAPI (blue) was used as a nuclear counterstain.  

(D - E) Representative confocal images and quantification of GFAP+ (green) astrocytes in ACC 

of control and VH rats.  

(F - G) Illustrative confocal images and quantification IL1β + (green) of inflammatory cytokines 

in ACC of control and VH rats.  

(H - I) Representative IHC and analysis of S100β+ astrocytes in ACC of control and VH rat.  

(J) Western blot for interleukin 1 beta (IL1-β and β-actin) in the ACC of control and VH rats. 

Mean IL1-β intensity normalized with control revealed that higher expression of IL1-β in VH 

rats compared to control.  

(H) Western blotting (WB) and analysis of GFAP. β-actin, loading control.  

Scale bars: (A left) 250 µm, (A right) 50 µm (B, D, F, and H) 50 µm.  

Data are presented as mean ± SEM (∗∗p < 0.01, ∗∗∗p < 0.001 by Unpaired two-tailed Student's t 

test). 
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Figure 4. Impairment of decision-making in visceral hypersensitivity rats can be rescued by 

Clemastine treatment.  

(A-B) The general activities and motivation shows no significant differences among all three 

group.  

(C-E) Identification of good, undecided, and poor decision makers in control (n=27, C), VH 

(n=31, D) and VH+Cle (n=31, E) during RGT.  

(F) The proportions of different types of decision makers in the three groups (∗p < 0.05, ∗∗p < 

0.01, by Kruskal-Wallis test followed by Dunn- Bonferroni’s test for post-hoc 

comparisons).  

(G) The food pellets obtained during the test session in all three groups (∗p < 0.05, by 

Unpaired two-tailed Student's t test).  

(H) Representative visceromotor response (VMR) recordings to graded pressures of colorectal 

distension (CRD; 20, 40, 60, 80 mmHg) in saline and Clemastine treated VH rats.  

(I) The mean amplitudes of electromyography (EMG) in response to graded CRDs were similar 

in saline and Clemastine treated VH rats.  

Data are presented as mean ± SEM. 

 

 

Figure 5. Chemogenetic activation of ACC astrocytes rescues decision making deficits in VH 

rats.  

(A) Schematic picture of the timeline of the virus injection and experimental outline of vehicle and 

CNO injection followed by RGT.  

(B) Schematic drawing showing the location of ACC in a coronal brain slice and bilateral injection 

of AAV8-GFAP::hM3Dq-mCherry virus resulted in the selective expression of hM3Di in the 

ACC.  

(C) hM3Dq (red) was expressed in the astrocytic membrane (green) around the soma and in the 

distal processes (left). White arrow indicates co-localization of hM3Dq virus with astrocytes in 

higher magnification (right).  

(D - E) GFAP::hM3Dq was expressed in >87% of CA1 astrocytes (512/587 cells from 4 rats; D), 

with >96% specificity (512/532 cells, from 4 rats; E).  

(F - G) CNO administration in vivo resulted in a significant increase in c-Fos expression colabelled 



22 

 

with NeuN in the ACC of hM3Dq expressing rats compared to saline treated rats.  

(H) Immunostaining with MBP after VH induction shows lower MBP expression in VH rat 

(I) The proportions of different types of decision makers in the four groups (∗p < 0.05, two-way 

repeated measures ANOVA).  

(J) The food pellets obtained during the testing session in the four groups.  

(K) The general activities show no significant difference among the four treated groups.  

Scale bars: (B) 500 μm; (C) left 50 μm and right 20 μm; (F) 50 μm.  

Data are presented as mean ± SEM (∗∗p < 0.01, ∗∗∗p < 0.001 by unpaired two-tailed Student's t 

test). 

 

 

Figure 6. Astrocytic Gq pathway activation in the ACC induces OPC proliferation, 

differentiation and enhances oligodendrogenesis, OLs maturation and myelination.  

(A) Experimental timeline illustrating onset of CNO/EDU administration in VH rats.  

(B - D) Triple IHC and quantification of NG2+ (green) and EdU+ (red) OPCs with an overlay of 

DAPI (blue) in ACC of saline and CNO treated hM3Dq expressing rats. Graph represents 

quantification of NG2+ (C) and EdU+ (D) cells per surface area.  

(E - G) Triple IHC and quantification of CC1+ (green) and EdU+ (red) OLs with an overlay of 

DAPI (blue) in ACC of saline and CNO treated hM3Dq expressing rats. Graph represents 

quantification of CC1+ (F) and EdU+ (G) cells per surface area.  

(H - J) Representative confocal images and quantification of MBP+ fibers (green) in ACC of 

saline and CNO treated hM3Dq expressing rats.  

(K) Electron micrographs (EM) of ACC region showing myelinated axons in saline and CNO 

treated VH rats (n = 5 rats per group).  

(L - M) Average G-ratio of myelinated axons in the ACC region of saline and CNO treated VH 

and control, saline treated hM3Dq expressing rats. No significant changes in the axon diameter 

among all groups (unpair student t test, p > 0.05).  

Scale bars: (B) 20 µm; (E and H) 50 µm; (K) 500 nm.  

Data are presented as mean ± SEM (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 by unpaired two-tailed 

Student's t test). 
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Figure 7. Chemogenetic Gq activation in ACC astrocytes repairs VH–induced impairments 

of ACC-amygdala spike-field synchrony. 

(A) Schematic picture of virus injection and electrophysiology recording. 

(B) A representative section with DAPI shows microelectrode sites. The red arrows show the 

placements of ACC and BLA electrode.  

(C) Averaged SFC values in theta band in CNO/saline treated VH rats with hm3Dq virus 

injection and control rats (n = 5 rats each group). 

(D) Averaged percentages of phase locked neurons percentage of ACC single-unit spikes phase-

locking to BLA theta band field potential in saline/CNO treated VH rats with hm3Dq virus 

injection and control rats (n = 5 rats each group). 

Data are presented as mean ± SEM (∗p < 0.05, ∗∗p < 0.01, by unpaired two-tailed Student's t 

test). 
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STAR   METHODS  

Detailed methods are provided in the online version of this paper and include the following: 

RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Corresponding Author/Lead Contact, Dr. Ying Li (yingli@cityu.edu.hk).  

Materials Availability 

This study did not generate any new unique reagents. 

 

Data and code availability 

⚫ All data produced in this study are included in the published article and its supplementary 

information, or are available from the lead contact upon request.  

⚫ This paper does not report original code.  

⚫ Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request. 

 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS  

Animals and ethical consideration 

All experiments were conducted with healthy, experimentally naïve adult male Sprague-Dawley 

(SD) rats (250–350 g). The animals were housed in home cages on a 12:12 h light-dark cycle 

(lights on 7:30a.m.) with food and water provided ad libitum. For all experiments rats were 

randomly selected to experimental groups. All the experimental procedures were conducted 

according to the guidelines laid down by the NIH in the US with the approval of the Committee 

on the Use and Care of Animals at City University of Hong Kong, and the authorization license 

for performing all the tests issue by the Department of Health of Hong Kong (Reference: 

Rev(19-177) in DH/HT&A/8/2/5 Pt.1; (21-53) in DH/HT&A/8/2/5 Pt.5; (21-56) in 

DH/HT&A/8/2/5 Pt.5). Specific details of rats in each experiment are provided below.  

mailto:yingli@cityu.edu.hk
https://www.sciencedirect.com/topics/immunology-and-microbiology/sprague-dawley-rat
https://www.sciencedirect.com/topics/immunology-and-microbiology/sprague-dawley-rat
https://www.sciencedirect.com/topics/immunology-and-microbiology/light-dark-cycle
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Visceral Hypersensitivity (VH) rat model  

For the initial behavioural task, the subjects were 58 male SD rats collected from Laboratory 

Animal Service Centre of Chinese University of Hong Kong (CUHK). For 

immunohistochemistry and TEM, subjects were 18 male SD rats collected from CUHK.    

Focal Demyelination 

Subjects were 49 male SD rats obtained from Laboratory Animal Service Centre of Chinese 

University of Hong Kong (CUHK).  

Drug (Clemastine) induced remyelination 

Subjects were 31 male SD rats obtained from Laboratory Animal Service Centre of Chinese 

University of Hong Kong (CUHK). For VMR studies, 6 rats were used in a different cohort.  

Chemogenetic activation of astrocytic Gq pathway 

The subjects were 60 male SD rats obtained from Laboratory Animal Service Centre of Chinese 

University of Hong Kong (CUHK).  

In vivo electrophysiology recordings  

The subjects were 10 SD male rats obtained from Laboratory Animal Service Centre of Chinese 

University of Hong Kong (CUHK).  

METHOD DETAILS  

Development of VH animal model 

The detailed procedures have been described in our previous publications.9,12–14 Rats adapted to 

their environments for at least 3 days before VH was induced by intraperitoneal injection with 

10 μg egg albumin (antigen) and 10 mg aluminum hydroxide (adjuvant) in 1 ml saline. From the 

third day to the fifth day after antigen injection, the rats were given a colonic perfusion with 

antigen solution (composed of 10 μg/ml egg albumin, 40 mM D-glucose) at 50 μl/min for 

30 min, followed by 30 mm Hg colorectal anaphylaxis for 30 s repeated 5 times with 3-min 

intervals. Control rats were injected intraperitoneally with 1 ml saline and colorectally perfused 

saline for 30 min. Our previous studies showed allodynia and hyperalgesia and ACC 

https://www.sciencedirect.com/topics/medicine-and-dentistry/ovalbumin
https://www.sciencedirect.com/topics/medicine-and-dentistry/aluminium-hydroxide
https://www.sciencedirect.com/topics/immunology-and-microbiology/perfusion
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hypersensitivity to colorectal distension can be observed up to 7 weeks after the initiation of 

colonic anaphylaxis.9,12–14 

Surgery 

For all the surgeries, rats were anesthetized with pentobarbital and their head were placed in a 

stereotactic frame. The fur was removed, and skulls was exposed, and a small craniotomy was 

performed bilaterally into the ACC region by using following coordinates: AP 2.2- 3.8 mm, ML 

0.5-1 mm; and DV 1.5-3.5 mm from bregma.  

Viral injection 

For viral injection, after craniotomy (0.5-0.8 mm small hole), a volume of 0.4 μl per hemisphere 

AAV virus solution (diluted 1:10) containing GFAP-hM3D(Gq)-mCherry vector (Vigene, 

China) was injected bilaterally into the ACC region, at a rate of 0.5 μl/min with a 10 μl Hamilton 

microsyringe (Hamilton, NV, USA), controlled by a microsyringe pump (World Precision 

Instruments, FL, USA) and its controller (WPI). After the injection, the needle was kept in the 

place for an additional 5 min to facilitate the diffusion of the virus after which it was slowly 

withdrawn. Rats were kept for three-four weeks after virus injection to allow genes expression. 

Focal Demyelination  

Anaesthetized rats were placed into a stereotactic apparatus using flat skull position. Lysolecithin 

(LPC, EMD Chemicals) was dissolved in artificial cerebrospinal fluid (aCSF), 2 μL 1% LPC was 

administered bilaterally into the ACC (the coordinates are 2.4 mm anterior to bregma; 0.8 mm 

lateral; and 2.0 mm dorsal to ventral) using a Hamilton syringe (31-gauge Hamilton needle) 

connected with microinjector for a period of 5 minutes (and aCSF as a control). The ACC was 

defined as the cingulate cortex, area 2 and prelimbic cortex together with the overlying cingulate 

cortex, area 1,9 which is a major cortical area of the limbic system, integrating emotion and 

cognition. 

Drug Administration 

For remyelination studies, rats were treated with Clemastine (dissolved in DMSO at 10 mg/mL 

before further dilution in double distilled water, 10 mg/ kg body weight) daily through oral 

Administrator
高亮文本
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gavage for 2 weeks (7 days after VH induction) to promote remyelination in VH rats. Saline was 

used as a vehicle.  

For chemogenetic studies, CNO was dissolve in DMSO and then diluted in normal saline to get 

final concentration of 0.5%. Control solution was also consisting of normal saline containing 

0.5% DMSO. CNO was administered intraperitoneally at the rate of 3mg/kg, 30 min before the 

RGT. This dose did not cause any behavioural signs of seizure tested by open field.  

Rat Gambling Task (RGT) 

The RGT is a task that is used to test the decision-making behaviour in rats by introducing 

conflict between immediate and long-term gratification based on successive choice between food 

rewards of different values and probabilities.18,19 In brief, food was restricted before the training 

to maintain 80% of free feeding body weight for 3 days following 1-day fasting. During the 

training sessions which lasted for 7-10 days to learn the association between nose-pokes and 

food rewards in the polyvalent conditioning chamber. The operant chambers (28 × 30 × 34 cm, 

Imetronic, Pessac, France) consisted of four nosepoke apertures on the front and one food 

dispenser on the opposite wall for releasing food pellets as rewards. The rats were food restricted 

to 80% of their free feeding weight during the entire RGT procedure. 

During training, each rat was placed in the chamber for 40 minute each day, to gradually 

understand the association between the nose-poke action and the release of a food pellet.  The 

entire test procedure lasted 60 minutes and was performed on the day after training completion. 

Rats were free to choose between the four nose pokes (A–D) as they were during the training 

phase; however, each choice was associated with different food reward and different likelihood 

of a timeout-penalty. Nose poke A or B led to immediate delivery of two pellets but had a 50% 

likelihood to trigger a 222 s penalty time-out and a 25% likelihood for a 444 s time-out, during 

which no pellets could be obtained. Nose pokes C or D were associated with smaller immediate 

rewards (one pellet), but also smaller penalties (25% likelihood for a 12s time-out, or 50% 

likelihood for a 6 s time-out). Therefore, in the long run the maximum benefit of collecting food 

reward associated with C and D was five times than that of A and B. Hence, the nosepokes C and 

D were more advantageous for the rats to collect as many food pellets as possible. The good 

decision-making rats learned the uncertain, risky choices in nosepoke A and B within few trials 

and therefore avoided choosing those nosepokes and progressively favoured non-risky, 
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advantageous choices in nosepoke C and D during the latter part of the task, whereas poor 

decision-making rats chose nosepoke A and B for immediate gratification, and the rats failed to 

learn these outcomes chose the options randomly. The percentage of advantageous choices 

chosen in the last 20 minutes was used as a criterion to distinguish the good (>70 % 

advantageous choices), poor (<30 % preference) decision-makers and undecided (30 % - 70 % 

preference). If a rat showed preference for a specific nosepoke throughout the training and test, it 

was excluded from further analysis. The percentage of advantageous choices [(C + D)/(A + B + 

C + D)×100%] during the last 20 minutes and the total food rewards obtained across the test 

were used to identify the decision-making behaviour of the rats.  

Immunohistochemistry  

To identify the effect of chronic visceral hypersensitivity on ACC and corpus callosum 

myelination, rats were sacrificed 7 days after VH induction. Rats’ brains were post fixed in 4% 

PFA overnight at 4°C. Tissue were cryoprotected in 10%, 20%, 30% (w/v) sucrose before 

freezing in OCT. ACC tissue sections [2.2 to 3.8 mm coordinates from the bregma (cc, corpus 

callosum; cingulate cortex, area 1; cingulate cortex, area 2; prelimbic cortex)] were collected. 20-

30 μm slices of the brain were collected and processed as floating slices. Primary antibodies, 

rabbit anti-MBP (1:500), labels the myelinated fibers, Mouse anti-NG2  (1:500) ,  Mouse anti-

CC1 (1:500 dilution), Rabbit anti IBA1 (1:500), Mouse anti-CD68 (1:500), Mouse anti-IL1 beta 

(1:500), Rabbit anti-IL6 (1:500), Rabbit anti GFAP (1:500, Sigma-Aldrich), Mouse anti S100β 

(1:1000, Abcam), Mouse anti NeuN (1:1000, Millipore), Chicken anti m-Cherry (1:1000, 

Abcam) diluted in blocking solution (0.1% [v/v] Triton X-100 and 10% goat serum in 0.01 M 

PBS) and was applied to slices overnight at 4°C. Then slices were washed and incubated for 2 h 

with respective secondary antibodies. Finally, slices were mounted on slides and imaged by 

using an inverted laser scanning confocal microscope (FV1000; Olympus).  

EdU labelling 

To estimate the overall OPC and OLs proliferation in response to chronic visceral 

hypersensitivity, 5 ethynyl-2'-deoxyuridine (EdU) was administered i.p at dose of 25 mg/kg 

immediately after last date of colorectal anaphylaxis, and 2.5 - 5 mg/L from day 7 to day 14 after 

VH induction on separated groups. The rats were euthanized on day 4 and day 15 and brain 

samples containing ACC were sectioned and co-labelled with monoclonal anti-CC1 and anti-
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NG2 antibodies along with EdU using the AlexaFluor-555 Click-iT detection kit (Invitrogen) 

(Hasan et al., 2019). 

Immunohistochemistry to determine the biomarker for reactive astrogliosis and 

neuroinflammation 

Inflammation may play a pathogenic role in IBS. Studies have emphasized the occurrence of 

mucosal inflammation at the microscopic and molecular level in IBS and the proliferation of 

enteroendocrine cells, mast cells and other inflammatory cells, causing neuroinflammation 

through the gut-brain axis.74 Therefore, we are curious to see whether neuroinflammatory cells 

and astrocytes are also reactive in our established chronic visceral hypersensitive model that can 

mimic the IBS. To characterized this, we performed immunohistochemistry and western blot to 

determine the relative expression of reactive microglial cells (CD68+ and IBA1+ cells, 

biomarkers for reactive microglial), inflammatory cytokines IL1 beta and IL6 (biomarkers for 

inflammatory cytolines) and astrogliosis marker Rabbit anti GFAP (1:500, Sigma-Aldrich), 

Mouse anti S100β (1:1000, Abcam) in the ACC of VH and control rats. 

Confocal imaging and processing 

Slices were mounted on slides and imaged by using an inverted laser scanning confocal 

microscope (FV1000; Olympus). A total of 3–5 sections were examined per rat, and 3-5 rats 

were analyzed per group. Confocal images represent projected stacks of 10 images collected at 

1-2 μm steps. The MBP+ intensity was measured up to 1000 µm from the plial surface (midline) 

covering layers I-VI in the ACC region. The myelin MBP+ intensity is calculated using Image J. 

The MBP+ intensity was normalized with the control samples. The number of NG2+, CC1+, 

EdU+ co-labeling cells, CD68+, IBA1+, IL1+ and IL6+ cells were also calculated in the field of 

view containing layers I-VI.  

Protein extraction and Western blot analysis 

Western blot analysis was conducted from brain lysate collected from ACC, using the protocol 

from our previously published paper. 18,19 The following commercial primary and secondary 

antibodies were used at the indicated dilutions: anti-rabbit MBP (1:5000), anti-rabbit MYRF 

(1:250), anti-mouse IL1 (1:500), anti-rabbit IL6 (1:500) and anti-mouse β-actin (1:5000, Immuno 

Way), anti-mouse HRP (Invitrogen) and anti-rabbit HRP (Invitrogen). 



30 

 

TEM microscopy 

TEM microscopy was conducted by following our previous established method (Hasan et al., 

2019). Briefly, rats were perfused with 0.1 M PB followed by 2% glutaraldehyde/ 4% PFAin 

sodium cacodylate buffer. A block of approximately 1×1×2mm3 from the right ACC was 

dissected out and then post fixed with the primary fixative, then contrasted with 1% osmium 

tetroxide (vol/vol) in PBS. Tissues were dehydrated in an ethanol graded from 50–100% and 

embedded in Epon. Ultra-thin Slices (80 nm) was cut and stained with 2% uranyl acetate 

(vol/vol) and Reynold’s lead citrate and analyzed imaged with Gatan Orius digital camera. G-

ratio is calculated by dividing the diameter of an axon by that of total fiber diameter (axon + 

myelin sheath) from 150-180 fibers in ACC.  

Multiple-channel electrophysiology recording in ACC and BLA  

The detailed procedures have been described in our previous publications (Cao et al., 2016a; 

Hasan et al., 2019; Wang et al., 2017). Two 16-channel polyimide-insulated platinum/iridium 

micro-wire electrode arrays (4×4, electrode diameter = 25 μm; 250 μm spacing between each, 

impedance = 20–50 kΩ; Clunbury Scientific, MI, USA) were inserted into the ACC and BLA 

one week after VH induction  (ACC: anterior-posterior (AP) = 3.0-3.3, Medial-lateral (ML) = 

0.6-1.0, dorsal-ventral (DV) = 2.8-3.5 mm from dura) and the ipsilateral BLA (AP -3.3 to - 3.6, 

ML 5.0-5.3, depth 6.5-7.5 mm). One wire from each array was wrapped around one of the bones 

mounting screws to ground. LFPs and spike firing were recorded with an electrophysiological 

data acquisition system (OmniPlex® D system, Plexon, Dallas, TX). LFPs were amplified 

(×20,000), band-pass filtered (0.05 - 200 Hz, 4-pole Bessel) and sampled at 1 kHz. Spikes were 

identified when a minimum waveform reached an amplitude threshold of 4.5 standard deviations 

higher than the noise amplitude, and were filtered (300 - 5,000 Hz, 4-pole Bessel) and sampled at 

40 kHz. Signals from the ACC and BLA were recorded simultaneously during 60s spontaneous 

activity. 

Rats were allowed to recover from electrode implantation surgery for 1 week. After recovery, 

Clemastine treatment is started in VH rats, and the signals were recorded on days 7 and 14 after 

start of Clemastine treatment i.e. 3rd week and 4th week after VH induction. Similar recordings 

are performed in saline treated VH rats and control rats after 7 days i.e 3rd week after VH 

induction and control preparation, respectively.  
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Data Acquisition and Spike Sorting 

After 6-8 days recovery, the local field potential (LFP) and spike activities were recorded using a 

multiple-channel neural data acquisition system (Omniplex D, Plexon). Spike signals were 

amplified (×1000), band-pass filtered (0.3-5 kHz, 4-pole Bessel) and sampled at 40 kHz. LFPs 

were amplified (×1000), band-pass filtered (0.05-200 Hz, 4-pole Bessel) and sampled at 1 kHz. 

Two minutes’ data was recorded for each rat in a quiet waking state in home cages. Single unit 

spike sorting was detected by thresholding and sorted by offline using Offline Spike Sorter 

software (Version 4, Plexon Inc.), as described in our recent publications. 18,19 

Spike-field coherence (SFC) 

Temporal coding is important regulator in memory and perception (Cao et al., 2016a; Hasan et 

al., 2019; Wang et al., 2017). To measure the strength of synchrony between spike timing and 

phase of field potential oscillations, we quantified the SFC as described previously. 18,19 To 

compute the SFC across the ACC and BLA, the spikes recorded in the ACC and the averaged 

LFP from the BLA were used in the analyses. To ensure the validity of the statistical results, 

only neurons which had at least 50 spikes during the period analysed were used for SFC analysis. 

Phase-locking of single neuron spikes to the theta oscillation 

To study the angular distribution of ACC spikes in relation to the BLA theta oscillation and 

clarify the strength of phase-locking, we plotted the phase distribution and analysed Rayleigh test 

using custom written MATLAB scripts as described previously.18,19 To ensure the validity of the 

statistical results, only neurons with at least 50 spikes during the period analysed were used for 

phase-locking estimation.  

Cross-correlation analyses 

To identify the relationship of the time course of coordinated activity between ACC and BLA, 

the synchronized theta activities (4-10 Hz) between ACC and BLA were evaluated by computing 

cross-correlograms using NeuroExplorer 5 software (Nex Technologies, Littleton, MA), as 

described previously.18,19 Theta-filtered LFPs from the ACC and BLA were aligned, and the LFP 

in the ACC was chosen as the reference. 

Exclusion of Animals and Neurons  
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In RGT studies, several rats were excluded for analysis due to inactive and failure to reach the 

criterion of training for the whole period (1 control rat, 1 VH+Cle rat, 1 VH+CNO, 2 VH+Sal 

rats and 2 Con+CNO rats). Several rats were excluded from this study due to either 

misplacement of electrode (n = 1) or virus expression (n = 3).   

QUATIFICATION AND STATISTICAL ANALYSIS 

Data are expressed as mean ± SEM (standard error of mean) unless otherwise mentioned in 

figure legends. Statistical significance analyzed with GraphPad Prism v7.0 (GraphPad, CA) or 

SPSS 24.0 (Chicago, IL, USA). When the data met the assumptions of parametric statistical 

tests, results were analyzed by Student’s t test or two-way ANOVA, followed by post hoc tests, 

as applicable. Subjects were excluded from analysis when they deviated by more than two 

standard deviations from the mean. The data showing the proportion of decision-makers is 

presented in ordinal coordinates with a non-normal distribution; therefore, a Mann-Whitney U 

test was performed to assess significance. The electrophysiological data was analyzed with two-

way ANOVA analysis followed by Bonferroni's post-hoc tests for multiple comparisons. The 

data with normal distribution with mean and variance of two groups are analyzed with 2-tailed 

unpaired t-test. A value of p < 0.05 was considered statistically significant for all comparisons, 

except for Rayleigh’s test where p < 0.0023 (0.05/ 22 frequencies tested) was considered 

significant phase locking.  
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Highlights: 

 

 

Visceral hypersensitivity causes hypomyelination and suppresses oligodendrogenesis 

 

Chemogenetic activation of astrocytes promotes oligodendrogenesis and remyelination  

 

Chemogenetic activation of astrocytes rescues decision making deficits in VH rats. 

 

Chemogenetic activation of astrocytes repairs VH induced desynchronization  

 



 

Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit Anti-Myelin Basic Protein Abcam Cat# ab40390, 
RRID:AB_1141521 

Mouse Anti-Neurofilament (NFL) Abcam Cat# ab7794; 
AB_306083 

Mouse Anti-NG2 antibody  Abcam 
Cat# ab50009, 
RRID:AB_881569 

Mouse Anti-APC to CC1 Abcam 
Cat# ab9610; 
RRID:AB_443473 

Rabbit anti-Olig2 Millipore 
Cat# ab9610; 
RRID:AB_570666 

Rabbit anti-GFAP Abcam 
Cat# ab7260; 
RRID:AB_305808 

Mouse anti-GFAP Abcam Cat# ab279290;  

Rabbit amti-S100 β Abcam 
Cat# ab41548; 
RRID:AB_956280 

Mouse anti-CD68 Abcam 
Cat# ab31630;  
AB_1141557 

Mouse anti-IL1β Abcam 
Cat# ab9722; 
RRID:AB_308765 

Chicken anti-mCherry Abcam 
Cat# ab205402; 
RRID:AB_2722769 

Rabbit anti-cFos Abcam 
Cat# ab208942; 
RRID:AB_2747772 

Mouse anti-NeuN Millipore 
Cat# MAB377; 
RRID:AB_2298772 

Rabbit Anti-MRF  Abcam Cat# ab85464 

Mouse anti-Beta actin 
Immunoway  

Cat# YM3628; 
AB_2629465 

Rabbit anti-alfa tubulin Sigma 
Cat# T6074; 
RRID:AB_477582 

Goat pAB to anti-Rabbit Alexa Fluor 488 Invitrogen 
Cat# A11034; 
RRID:AB_2576217 

Goat pAB to anti-Mouse Alexa Fluor 488 Invitrogen 
Cat# A11029; 
RRID:AB_138404 

Goat pAB to anti-Rabbit Alexa Fluor 594 Invitrogen 
Cat# A1037; 
A11037; 
RRID:AB_2534095 

Goat pAB to anti-Mouse Alexa Fluor 594 Invitrogen 
Cat# A11032; 
RRID:AB_2534091 

Goat pAB to anti-Rabbit Alexa Fluor 647 
Abcam 

Cat# ab150075; 
RRID:AB_2752244 

Goat pAB to anti-Mouse Alexa Fluor 647 Invitrogen 
Cat# A32728; 
RRID:AB_2633277 

Anti-Mouse IgG (H+L) HRP 
Invitrogen 

Cat# 626520; 
RRID:AB_88369 

Anti-Rabbit IgG (H+L) HRP 
Invitrogen 

Cat# 31466; 
RRID:AB_10960844 

Goat pAB to Chk Alexa Fluor 594 Abcam Cat# ab150172 

Bacterial and virus strains  



 

AAV8-GFAP-hM3D(Gq)-mCherry 
Vigene Biosciences, 
China 

N/A 

Chemicals, peptides, and recombinant proteins 

5-ethynyl-2′-deoxyuridine (EdU) Invitrogen Cat# A10044 

Click IT EdU Alexa Fluor 555 Imaging Kit Invitrogen Cat# C10338 

Lysophosphatidylcholine  USP Cat# 1372050 

Clozapine N-Oxide (CNO) MCE, China Cat# HY-17366A 

Clemastine  Cayman Chemicals Cat# 14637 

Experimental models: Organisms/strains 

Sprague Dawley male rats Chinese University of 
Hong Kong (CUHK), 
Hong Kong 

RRID:RGD_103952
33 

Software and algorithms 

GraphPad Prism v7.0 GraphPad, CA, USA RRID:SCR_002798 

MATLAB MathWorks, USA RRID:SCR_001622 

SPSS 24.0 Chicago, IL, USA RRID: SCR_019096 

NeuroExplorer 5 software 
Nex Technologies, 
Littleton, MA 

N/A 

OmniPlex® D system, Plexon Plexon, Dallas, TX N/A 

Imetronic operant chamber and polyvalent data 
processing software 

Imetronic, Pessac, 
France 

N/A 

Other 

16-channel polyimide-insulated platinum/iridium micro-
wire electrode 

Clunbury Scientific, 
MI, USA 

N/A 

Hamilton microsyringe RWD, China N/A 

Microsyringe Pump 
World Precision 
Instruments, USA 

N/A 
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