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1. Abstract 

Astrocytes are the most numerous cell population of glia in the central nervous system 

(CNS). With ubiquitous distribution in the CNS and complex interactions with other 

elements of neural circuits, astrocytes exert diverse and vital functions. Astrocytes 

maintain the integrity of the blood-brain barrier (BBB), provide trophic support to 

neurons, modulate synapse formation, recycle neurotransmitters, maintain ion and 

water homeostasis, and actively interact with other glial cells. In addition, astrocytes 

respond to all kinds of CNS insults, through a process referred to as “reactive 

astrogliosis”. This study mainly focused on the astrocytic expression of aldehyde 

dehydrogenase family 1 member L1 (ALDH1L1) under physiological and pathological 

conditions. To this end, brain sections from 3 control humans, 3 multiple sclerosis (MS) 

patients, 5 control mice, and 15 mice intoxicated with cuprizone were applied. 

Immunohistochemical and immunofluorescent staining was performed to analyze the 

expression of ALDH1L1 by astrocytes. The results indicated that a proportion of cortical 

astrocytes reduced the expression of ALDH1L1 in a region-dependent manner; in MS, 

the expression of ALDH1L1 by some astrocytes seemed centralized to the somas of 

astrocytes; in the cuprizone model, significant astrogliosis in the medial part of the 

corpus callosum was found by immunohistochemistry. In summary, these data suggest 

a dynamic regulation of ALDH1L1 in both the healthy and diseased CNS. 

 

http://www.youdao.com/w/ubiquitous/#keyfrom=E2Ctranslation
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2. Abbreviations 

ABC: avidin-biotin complex 

ALDH1L1: aldehyde dehydrogenase family 1 member L1 

AQP4: aquaporin-4 

BBB: blood-brain barrier 

CCL: C-C motif chemokine ligand  

CD: cluster of differentiation 

CNS: central nervous system 

CSF: cerebrospinal fluid 

Cup: Cuprizone 

Cx43: connexin-43 

CXCL: C-X-C Motif chemokine Ligand  

CXCR: C-X-C Motif chemokine Receptor  

DAB: 3,3’-Diaminobenzidine 

DAPI: 4’,6-diamidino-2-phenylindole 

EAE: experimental autoimmune encephalomyelitis 

EBV: Epstein-Barr virus 

EDTA: ethylenediaminetetraacetic acid 

GFAP: glial fibrillary acidic protein 

GLT1: glutamate transporter-1 

GM-CSF: granulocyte-macrophage colony-stimulating factor  

HCl: hydrogen chloride 

HIER: heat induced antigen retrieval 

HLA: human leukocyte antigen 

HRP: horseradish peroxidase 

IL: interleukin  

KCl: potassium chloride  
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KH2PO4: potassium dihydrogen phosphate 

LPS: Lipopolysaccharide 

MBP: myelin basic protein  

MHC: major histocompatibility  

MOG: oligodendrocyte glycoprotein  

MRI: magnetic resonance imaging 

mRNA: messenger ribonucleic acid  

MS: multiple sclerosis 

Na2HPO4: disodium hydrogen phosphate 

NaH2PO4: sodium dihydrogen phosphate 

NaCl: sodium chloride 

NaOH: sodium hydroxide 

OPCs: oligodendrocyte progenitor cells 

PBS: phosphate-buffered saline 

PLP: proteolipid proteins  

ROI: region of interest 

PPMS: primary progressive multiple sclerosis 

RRID: research resource identifier 

RRMS: relapsing-remitting multiple sclerosis 

SEM: standard error of the mean 

SPMS: secondary progressive multiple sclerosis 

TNF: tumor necrosis factor 

Th: T helper 
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3. Introduction 

3.1 MS 

MS is generally thought to be a chronic inflammatory disease mainly affecting the CNS, 

causing sensory, motor, and cognitive function disorders.  

3.1.1 Etiology 

About 2.8 million people suffer from MS all over the world [1]. MS mainly occurs in 

adults and is one of the common diseases resulting in disability in adults between 15 

and 60 years old. Data show that compared with males, females are more susceptible 

to MS, with a ratio of about 1:2.3-3.5 [2]. 

Although significant advances in understanding the MS pathology have been made, 

the exact cause remains uncertain, and currently, multiple factors have been shown to 

be related to the development of MS. Latitudes gradient is identified as an essential 

factor influencing the incidence of MS, implying the environmental effect on the 

development of MS [3]. Because individuals living in high latitudes usually get less 

sunlight exposure, they thus generate less vitamin D in response, and these two 

factors have been linked to MS prevalence [4,5].  

Viral infections have been proposed as another risk factor in the development of MS, 

especially Epstein–Barr virus (EBV). EBV infection could increase the risk of MS onset 

by 32-fold [6]. It has been demonstrated that antibodies to EBV cross-react with 

GlialCAM, a glial cell adhesion molecule [7], in addition, exposure to EBV induces 

myelin-reactive autoantibodies in vivo in mice [8].  

For decades, attention has been focused on potential genetic components associated 

with MS. One example that could prove the association is the concordance rate of MS 

in monozygotic twins can reach up to 25%, and in contrast, it is only 3% in dizygotic 

twins [9], both of which are much higher than the incidence of 0.2% in the general 

population. One more example is the prevalence of MS in some ethnic groups is lower, 
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making it seem that these groups are born with a kind of resistance, e.g., in some Asian 

[10] and Middle East countries [11]. In recent years, studies have revealed that apart 

from human leukocyte antigen (HLA) class II alleles [12] which have been identified in 

some MS cases, more than 110 genetic variants [13] could increase the individual 

susceptibility to MS. Most of these genes are related to the immune system. 

3.1.2 Pathology 

The pathological features of MS include multiple aspects, e.g., demyelinated lesions, 

oligodendrocyte apoptosis, axonal loss, infiltrating immune cells, microglia activation, 

and reactive astrogliosis [14]. 

Demyelinated lesions can be found in all parts of the CNS, including white matter and 

grey matter in the cortex, cerebellar, brain stem, and spinal cord [15]. 

3.1.3 Symptoms 

A variety of clinical manifestations corresponding to the function of the regions affected 

are present in MS patients. The common symptoms include vision loss, diplopia, limb 

sensory disorders, limb movement disorders, ataxia, and bladder or rectal dysfunction 

[16]. Individuals usually exhibit one symptom or a combination of several symptoms. 

3.1.4 Clinical phenotypes 

According to the disease course characteristics, there are three common clinical 

phenotypes. 

Relapsing-remitting multiple sclerosis (RRMS): The majority of MS patients (about 

85%) initially suffer from discrete episodes of neurological symptoms (i.e. relapsing), 

followed by partial or complete function recovery (i.e. remitting) [17].  

Secondary progressive multiple sclerosis (SPMS): More than 50% of patients with 

RRMS step into a continuous worsening period without relapses and remissions. The 

transition usually happens 10-15 years after disease onset [18]. 

Primary progressive multiple sclerosis (PPMS): About 10% of all MS patients exhibit a 

http://www.youdao.com/w/discrete/#keyfrom=E2Ctranslation
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slowly progressive exacerbation without remission from disease onset [19].  

In addition, there are other less common forms of MS with distinct disease courses.  

Benign MS refers to a small proportion of MS patients who experience a relatively 

stable situation with mild neurological symptoms or without symptoms and attacks 

within 15 years after disease onset [20]. 

Malignant MS starts with an attack and reaches its peak rapidly within a short period 

of time, resulting in severe neurological deficits or even death [21]. 

3.1.5 Pathogenesis 

The pathogenesis of MS remains elusive. Currently, there are two complementary 

hypotheses in debate, “outside-in” and “inside-out”.  

 

Figure 1: Schematic of MS pathogenesis hypothesis. 

The “outside-in” paradigm proposes that activated peripheral immune cells migrate into the CNS and 

initiate immune attacks on myelin and axons, leading to demyelination and neurodegeneration. The 

“inside-out” paradigm suggests that primary neurodegenerative events trigger the recruitment of 

peripheral immune cells into CNS and subsequent inflammation develops, leading to demyelination and 

further neurodegeneration. 

 

The outside-in paradigm refers to a mechanism that activated peripheral immune cells 

pass the BBB and damage the CNS components such as oligodendrocytes, causing 

autoimmune activity and neurodegeneration consequently. Briefly, neurodegeneration 

is the result of the primary autoimmune process [22,23].  
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Others support the inside-out hypothesis which states that primary neurodegeneration 

in situ effectively triggers the immune system, leading to the recruitment of peripheral 

immune cells into CNS and a subsequent autoimmune attack. In short, primary 

neurodegeneration is at the root of autoimmune inflammation [22,23]. 

3.2 Animal models of MS 

To recapitulate the various but distinct pathological processes of MS, several animal 

models have been developed for their application during preclinical studies. It should 

be noted that these animal models only partially reproduce the various and complex 

pathological aspects of MS. In addition, there are still some limitations of these animal 

models because they fail to reflect the temporal and spatial complexity of MS pathology. 

3.2.1 Experimental autoimmune encephalomyelitis models 

Experimental autoimmune encephalomyelitis (EAE), an immune-mediated animal 

model mimicking the outside-in paradigm of MS, can be induced in rats [24], zebrafish 

[25], guinea pigs [26], rabbits [27], primates [28], and most commonly, mice [29]. To 

induce EAE models in mice, several methods have been established. They can be 

categorized into three types: sensitization with CNS antigen [30], adoptive transfer of 

auto-reactive T cells [31], and gene-modified mice with auto-reactive T cell receptors 

[32]. 

To sensitize animals, several CNS antigens have been applied, such as spinal cord 

homogenate [33], various myelin related proteins, including myelin oligodendrocyte 

glycoprotein (MOG) [34], myelin basic protein (MBP) [35], and proteolipid proteins 

(PLP) [36]. 

Different combinations of antigens and mice of genetic backgrounds could induce 

various disease courses. For example, C57BL/6 mice immunized with MOG35–55 

emulsified in complete Freud’s adjuvant enriched with Mycobacterium Tuberculosis 

and with the supplement of pertussis toxin exhibit monophasic disease course [34]. 
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SJL/J mice sensitized with PLP139-151 present with a RRMS like disease course [37].  

After EAE induction, about 80% of mice exhibit neurological symptoms in an ascending 

way, initially tail movement disorder, afterwards hind limb paralysis, then forelimb 

paralysis [30,38]. In agreement with these ascending symptoms, a study revealed the 

increase in autoreactive T-cells in the 5th lumbar cord at the early stage of EAE by T2-

weighted signals of ultrahigh-field magnetic resonance imaging (MRI) [39].  

Sensitized EAE models have an advantage because they allow for analyzing the 

distinct functions of the respective genes and molecules when established with 

transgenic mice. Nevertheless, in this model, the inflammatory process is 

predominately mediated by cluster of differentiation (CD) 4+ T-cells [40], which is 

different from MS where the lesions are predominantly infiltrated by CD8+ T-cells [41]. 

Meanwhile, in this animal model, lesions can be found frequently in the spinal cords, 

especially the lumbar spinal cords [39], less frequently in the brain stem and 

cerebellum, and seldom in the forebrain. In contrast, MS could affect nearly all the 

parts of the CNS. The predilection sites of lesions in MS are optic nerves, juxtacortical 

white matter, periventricular region, cerebellum, and cervical spinal cords [42]. 

3.2.2 Cuprizone intoxication model 

In recent decades, the cuprizone intoxication model, which is characterized by 

demyelinated lesions in the CNS through metabolism abnormalities independent of 

autoimmune components, has become popular due to its unique mechanism 

mimicking the inside-out paradigm of MS. 

Cuprizone, a neurotoxic copper chelator, when supplemented into standard rodent 

chow, induces primary oligodendrocytes apoptosis and secondary demyelination in 

mice. After cuprizone intoxication termination, spontaneous remyelination occurs. 

Consequently, the cuprizone model offers a platform to investigate the demyelination 

and/or remyelination process as well as potential molecular changes related to these 

pathologies.  

The dose of the cuprizone is an important factor that affects the pathology in this model.  
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In order to establish the cuprizone intoxication model in C57BL/6 mice, the appropriate 

dose of cuprizone is 0.2%-0.3%, because extensive demyelination in the corpus 

callosum is not stably induced when 0.1% cuprizone is applied, and severe weight loss 

and high mortality may be caused by cuprizone intoxication of higher dose (0.3%–

0.5%) [43]. Apart from the dose of cuprizone, several factors such as gender [44], age 

[45], mouse stain [46], and the exposure time to cuprizone intoxication [47] have an 

influence on the demyelination and/or remyelination process. A study reported that 

extensive demyelination was detected in the corpus callosum and the cortex of 

C57BL/6 mice after cuprizone intoxication for six weeks, efficient remyelination in the 

corpus callosum and cortex was confirmed when the cuprizone intoxication was 

terminated. When the cuprizone intoxication was prolonged to 12 weeks, in this case 

of chronic demyelination, the endogenous remyelination capacity was impaired [48]. 

Primary oligodendrocyte apoptosis, secondary demyelination, astrogliosis, and 

activation of microglia are hallmarks of the cuprizone-induced pathology. Although 

some authors stated that in this model, the BBB remained intact [43] without T cells 

infiltration [44], a recent study revealed that BBB had been impaired before 

demyelination [45]. Our group revealed that CD8+ T cells were remarkably recruited to 

cuprizone-induced demyelinated lesions [46]. Besides the corpus callosum was 

established as a region of interest due to nearly complete demyelination [47], gray 

matter, including the cortex, the nucleus subthalamicus, the zona incerta, the 

substantia innominata, the globus pallidus, and the lateral parts of the caudoputamen 

exhibited severe demyelination as well [48]. 

3.3 Astrocyte 

Astrocytes are essential players in the pathology of MS and its animal models. In 

recent decades, more and more interest has been aroused in the research into 

astrocytes and their function in MS.  
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3.3.1 The function, physiology, and pathology of astrocytes 

Together with oligodendrocytes, microglia, and ependymal cells, astrocytes constitute 

glia cells in the CNS. With ubiquitous distribution in the CNS and complex interactions 

with other elements of neural circuits, the versatile astrocytes exert diverse and vital 

functions.  

 

 

Figure 2: Image of a single protoplasmic astrocyte. 

A single protoplasmic astrocyte in the cortex is visualized by injection of a fluorescent dye. The dark round 

soma is in the center and sprouts out stem processes which give rise to large amounts of finely branched 

tiny processes (image from [49]).   

 

With a variety of end-feet surrounding blood vessels, astrocytes not only take part in 

maintaining the BBB but also work as a bridge to transport molecules and metabolites 

between vasculatures and other elements in the CNS. They provide trophic support to 

neurons [50], modulate synapse formation [51], recycle neurotransmitters [52], and 

maintain ion and water homeostasis [53,54].  

Gap junctions between astrocytes enable astrocytes to form a functionally coupled 

network as a syncytium [55]. At the same time, astrocytes have intimate interactions 

with other glial cells through gap junctions and molecule secretion.  

Astrocytes have close communications with microglia. Neurotoxic astrocytes could be 

http://www.youdao.com/w/ubiquitous/#keyfrom=E2Ctranslation


15 

induced after mice were injected with Lipopolysaccharide (LPS), and these neurotoxic 

astrocytes are referred to as A1 phenotype [56]. In the same study it was shown that 

interleukin (IL)-1α, tumor necrosis factor (TNF)-α, and complement component 1q 

secreted by activated microglia could induce the neurotoxic reactive astrocyte 

phenotype [56]. Vice versa, astrocytes may induce microglial activation by producing 

granulocyte-macrophage colony-stimulating factor (GM-CSF), a regulator of microglial 

activation [57].  

 

Figure 3: Schematic of complex function of astrocytes. 

Astrocytes take part in the constitution of BBB, have close communications with neurons, 

oligodendrocytes, and microglia, regulate the formation of synapses, maintain the homeostasis of fluid, 

ions, and transmitters. 

 

Astrocytes have an intimate and close crosstalk to oligodendrocytes. On the one hand, 

astrocytes facilitate the survival, differentiation, maturation of oligodendrocytes, and 

the proliferation of oligodendrocyte progenitor cells (OPCs). On the other hand, several 

molecules secreted by astrocytes, e.g.endothelin-1, could hinder the proliferation and 

differentiation of OPCs [58]. In return, OPCs could affect the astrocyte foot processes 

and vascular permeability in MS [59]. And some molecules, e.g., GM-CSF, are 
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expressed by both astrocytes and oligodendrocytes, indicating the close relations 

between them. 

Astrocytes are implicated in the pathology of all kinds of CNS insults, including MS. As 

shown in figure 4, under physiological condition, only a proportion of astrocytes 

express glial fibrillary acidic protein (GFAP). After being triggered by CNS injuries or 

diseases, astrocytes exhibit morphological changes, molecular and functional 

alterations. An increased number of astrocytes express GFAP, and stem processes of 

some astrocytes become hypertrophic. Under severe conditions, astrocytes proliferate 

and predominantly contribute to glial scar formation. All these changes together are 

referred to as “reactive astrogliosis”, “reactive astrocytosis”, or “astrocyte activation” 

[60].  

 

 

 

Figure 4: Schematic of astrogliosis. 

Under physiological condition, not all astrocytes are GFAP positive. In mild to moderate astrogliosis, more 

astrocytes are GFAP+, and some astrocytes exhibit a hypertrophic morphology. In severe cases, 

astrocytes proliferate and contribute to the formation of glial scar. 

 

It has been shown that, in the context of different triggering events, reactive astrocytes 

exhibit different phenotypes with different properties. Apart from the aforementioned 

A1 phenotype, the A2 phenotype promoting neural protection was identified in an 

animal model of cerebral ischemia through cerebral artery occlusion [56]. There are 

some advocations that the dichotomy is inappropriate because astrocytes could 

possess both proinflammatory and protective factors at the very same time. 
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3.3.2 Heterogeneity of Astrocytes 

At the same time, morphological heterogeneity and subtype diversity of astrocytes 

have been studied. Initially, protoplasmic and fibrous astrocytes were identified in the 

gray matter and white matter, respectively. In the CNS of individuals of higher evolution 

level, astrocytes tend to exhibit more complex morphology and more diverse subtypes. 

Interlaminar and varicose projection astrocytes were found to exist mainly in the 

primate cerebral cortex [61–64]. In the cerebrum, Bergmann glial cells around Purkinje 

neurons have similar functions as astrocytes in the cortex. Consequently, Bergmann 

glial cells are usually seen as a subpopulation of astrocytes [65]. Likewise, pituicytes 

in the pituitary gland are also taken as specialized astrocytes [66]. Currently, it has 

been confirmed that astrocytes consist of at least nine subpopulations [67]. 

Considering the heterogeneous subpopulations and complex function in the 

physiology and pathology of CNS and the aroused interest in investigation into 

astrocytes, it is of great importance to find an appropriate astrocytic marker and study 

its expression characteristics in experimental models and diseases.  

3.3.3 Markers of astrocyte 

Several antibodies have been used to label astrocytes, including GFAP,  S100 calcium-

binding proteinβ (S100β), glutamate transporter-1 (GLT1), aquaporin-4 (AQP4), 

connexin-43 (Cx43), and recently, ALDH1L1 [68]. 

The most commonly used marker of astrocyte is GFAP, yet GFAP has some properties 

that one should be aware of. Firstly, GFAP mainly labels somas and stem processes 

of astrocytes, which misses the details of extensive finely branched processes and 

consequently does not reflect the real astrocytic morphology and their complete 

cellular territory [69]. In addition, astrocytes in the white matter can be well visualized 

by GFAP, while in the gray matter, only astrocytes near the glia limitans superficialis 

and perivascularis express GFAP in the healthy brain; the remaining astrocytes in the 

cortex are likely to be GFAP negative, at least during physiological conditions. 



18 

Moreover, neural progenitor cells generating astrocytes, neurons, and 

oligodendrocytes could express GFAP at some time point [70]. Beyond, when 

astrogliosis initiates, the expression of GFAP is up-regulated, and more astrocytes 

express GFAP at the cellular level.  

ALDH1L1 has been proven to be a specific pan-astrocyte marker, which labels the 

finely branched processes and, thus, better reflects the real morphology of astrocytes 

compared with GFAP [68]. Zamanian and her colleagues pointed out that the 

expression level of ALDH1L1 stayed comparable in purified astrocytes from healthy 

and injured brains [71]. In contrast, Yang and her colleagues concluded that reactive 

astrocytes up-regulated ALDH1L1 expression under pathological conditions [72]. 

Moreover, it was reported that postnatal neural stem cells express ALDH1L1 as well 

in the brain [73].  

3.4 Aim of this study 

During initial studies when I applied the anti-ALDH1L1 antibodies to label astrocytes, I 

found some weakly stained areas as exemplarily demonstrated in figure 5. At the 

center of such weakly stained areas, somas and stem processes were labeled by the 

anti-ALDH1L1 antibodies. Based on these observations, I assumed that these cells 

with low anti-ALDH1L1 staining intensity were astrocytes which, in contrast to most 

other astrocytes, do not express ALDH1L1 at the fine peripheral processes but just 

around the perinuclear compartment. The results seemed that these weakly stained 

astrocytes downregulated the expression of ALDH1L1 in their peripheral regions at the 

cellular level. To our knowledge, the astrocytic expression loss of ALDH1L1 has not 

been mentioned yet.  

In this study, I therefore addressed the following three hypotheses: 

♦ These cells with weak ALDH1L1 expression in the cortex are indeed astrocytes. 

♦ The expression loss of ALDH1L1 happens in a region-dependent manner. 

♦ ALDH1L1 is competent as a marker of astrocytes. 
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Figure 5: Schematic of astrocytes with weak anti-ALDH1L1 staining intensity. 

In the rodent cortex, some astrocytes were visualized by anti-ALDH1L1 immunohistochemical staining 

and displayed normal staining intensity (black arrows). There were some weakly stained areas in the 

cortex as well. In the center of the weakly stained areas (white arrows), somas and stem processes (white 

arrowheads) were labeled by the anti-ALDH1L1 antibodies, and nuclei were visualized by counterstain, 

indicating these cells with weak staining intensity might be astrocytes. 
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4. Materials and methods 

4.1 Animals 

10-week-old female mice of C57BL/6J strain purchased from Janvier Labs (Le Genest-

Saint-Isle, France) were included in this study. Animals were maintained under the 

standard condition in accordance with the guidelines and recommendations released 

by the Federation of European Laboratory Animal Science Association(FELASA). No 

more than five animals were housed in each cage (500 cm2). Cages, straws, and 

nestlets were changed 3 times every week. Animals were maintained in the 

environment of 12 h light/dark cycle, with temperature controlled between 23 °C ± 2 °C 

and humidity controlled between 50% ± 5%. Food and water were supplied ad libitum. 

Prior to the initiation of the experiments, mice were allowed to adapt to the environment 

for at least 1 week. Body weights of mice were weighed and documented once each 

week. Health monitoring of the animals was performed daily during the experiment. 

This animal experiment was approved by the review board for care of animal subjects 

of the district government with the number 7221.3.1-001/19.  

In this study, 20 mice were randomly divided into four groups: (A) control group, 

standard rodent chow was provided to the animals in this group throughout the whole 

procedure of the study; (B) 1-week cuprizone group, (C) 3-week cuprizone group, (D) 

5-week cuprizone group. Each group consisted of 5 mice. Animals of cuprizone groups 

were fed with toxic copper chelator cuprizone (Sigma-Aldrich, Taufkirchen, Germany) 

mixed into standard rodent chow. The toxic chow was prepared freshly every day. 

Standard rodent chow and cuprizone were weighed by an electronic precision scale 

and mixed thoroughly by a food processor (Kult X, WMF, Geislingen, Germany). 

Cuprizone intoxication was supplied to B group for 1 week, C group for 3 weeks, and 

D group for 5 weeks, respectively. Tissue processing of control group was at the end 

of 5 weeks, and tissue processing of each cuprizone intoxication group was performed 

at the end of the cuprizone intoxication (1 week, 3 weeks, or 5 weeks). 

http://dict.youdao.com/w/in%20accordance%20with/#keyfrom=E2Ctranslation
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In case that animals suffered from a poor physical condition, strict exclusion criteria 

were applied. Significant weight loss (> 10% within 24 h), severe behavioral deficits 

(decreased movement, seizure, coma), and infections were considered as exclusion 

criteria. None of the animals met the exclusion criteria throughout the experiment. 

4.2 Transcardial perfusion and tissue processing 

At first, narcosis of mice was induced through intraperitoneal injection of mixed agents 

of ketamine (100 mg/kg) and xylazine (10 mg/kg).  

Table 1: Preparation of perfusion solution 

Step Process 

1 

Calculate the desired total solution volume and dosing of ingredients. 
For 1 liter of 3.7% perfusion solution, 4.6g sodium dihydrogen 
phosphate (NaH2PO4), 8.0g disodium hydrogen phosphate 
(Na2HPO4), and 100ml 37% formaldehyde solution should be added. 

2 Dissolve NaH2PO4 and Na2HPO4 in distilled water (80% of the total 
solution volume). 

3 Add 37% formaldehyde solution. 

4 
Stir the solution to mix all the components evenly and set the pH value 
of the solution to 7.4 by adding dropwise sodium hydroxide (NaOH) or 
hydrogen chloride (HCL). 

5 Fill up the solution to desired volume with distilled water. 
6 Filter the solution and store it at 4°C. 

 

After toe-pinch reflex and corneal reflex turned negative, the skin and peritoneum in 

lower abdomen were cut open to the diaphragm. Afterwards, the diaphragm was 

dissected, and the ventral thoracical wall (i.e. sternum and ribs) was removed to reveal 

the entire heart. A small incision was made in the right atrium of the heart, then a blunt 

syringe needle was punctured into the left ventricle, next, each animal was 

transcardially perfused with 20 ml of ice-cold phosphate-buffered saline (PBS) followed 

by 30 ml of perfusion solution (Table 1). After that, perfusion proceeded for another 7 

minutes with perfusion solution using an electronic pump (IsmaTec, IPC-4) at a rate of 

about 22ml/min. Then the head was cut off, and the cranial calvaria was partially 

removed along the midline. Then the entire head was immersed in 3.7% formaldehyde 
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solution overnight at 4°C. 

The next day, the brain tissues were dissected and placed into tissue cassettes. These 

brain tissue cassettes were washed with running tap water for 6-12 hours and 

incubated in 50% ethanol at 4°C overnight. These tissues cassettes were transferred 

into Histokinette, a dehydration processor in which dehydration of tissues was 

processed step by step automatically (Table 2). Then, brain tissues were embedded in 

melted paraffin. Later, the paraffin blocks were placed on the cooling plate overnight 

to solidify the paraffin.  

Subsequently, 5-μm-thick coronal sections were sliced using a rotary microtome 

(RM2255, Leica Microsystems, Wetzlar, Germany) at the level of 285 according to the 

mouse brain atlas published by Sidman et al. [74]. The paraffin sections were flattened 

in a warm water bath at 45 °C. Each section or two sections was transferred onto one 

microscope slide and dried overnight at 37°C in a heating incubator. 

Table 2: Tissue dehydration in Histokinette 

Step Duration 
70% ethanol  40 minutes 
70% ethanol  40 minutes 
96% ethanol  40 minutes 
96% ethanol  40 minutes 
100% ethanol  40 minutes 
100% ethanol  40 minutes 
100% ethanol  60 minutes 
Xylene  40 minutes 
Xylene  40 minutes 
Xylene  40 minutes 
Paraffin (65°C) 60 minutes 
Paraffin (65°C) 60 minutes 
Paraffin (65°C ) 2 days 

4.3 Human brain tissues 

Paraffin-embedded control human brain tissues were obtained according to a rapid 

autopsy protocol from body donors in Rostock. Paraffin-embedded post-mortem MS 

http://www.youdao.com/w/incubator/#keyfrom=E2Ctranslation
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brain tissues were obtained according to a fast autopsy protocol from donors with 

progressive MS, in collaboration with the Netherlands Brain Bank in Amsterdam. All 

donors or their relatives had signed an informed consent form for the application of 

their brain tissues for research. Brain tissues from 3 control donors and 3 donors with 

MS processed by another MD student from our laboratory (Hannes Kaddatz) were 

included in this study. 

4.4 Immunohistochemistry  

4.4.1 Principle of immunohistochemical staining 

The immunohistochemistry staining with avidin-biotin complex (ABC) method is a 

technique that is used for identifying antigens or proteins in situ in tissue sections. The 

main principle is based on specific immunoreaction as follows: 

♦ Primary antibody binds specifically to the targeting antigen in biological tissues. 

♦ Biotin conjugated secondary antibody binds specifically to the primary antibody. 

♦ The avidin-biotin complex coupled with horseradish peroxidase (HRP) binds to the 

biotin-conjugated secondary antibody. Biotin–avidin binding is a rapid and one of the 

most robust natural noncovalent interactions. At the same time, the ABC-HRP 

system helps amplify the antigen signal.  

♦ 3,3’-Diaminobenzidine (DAB), a chromogen applied in immunohistochemical staining, 

is oxidized, and forms a brown precipitate which can be observed under the light 

microscopy. The oxidative reaction is catalyzed by hydrogen peroxide induced by 

HRP.  
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Figure 6: Schematic of immunohistochemical staining with ABC method. 

4.4.2 Procedure of Immunohistochemical staining 

The immunohistochemical staining workflow started with deparaffinization and 

rehydration (table 3). Paraffin was dissolved and removed by the solvent xylene. 

Xylene was removed by the application of graded solutions of ethanol. Tissue samples 

were rehydrated in ethanol of graded concentrations and, finally, distilled water. To 

minimize staining intensity discrepancy, each immunohistochemical staining was 

performed with all slides needed at once. 

One bulletin point is that once immunohistochemical staining initiates, tissue samples 

during the process should remain wet all the time because if tissue samples were dried, 

nonspecific binding would occur and result in high background signal. To this end, for 

example, when tissue samples were incubated for a longer period, they should be kept 

in a wet chamber.  

 

http://www.youdao.com/w/dissolve/#keyfrom=E2Ctranslation
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Table 3: Deparaffinization and rehydration 

Step Duration 
xylene  10 min 
xylene  10 min 
xylene  10 min 
xylene /Ethanol 50%/50% 5 min 
Ethanol 100% 3 min 
Ethanol 100% 3 min 
Ethanol 96% 3 min 
Ethanol 96% 3 min 
Ethanol 70% 3 min 
Ethanol 50% 3 min 
Distilled water 3 min 

 

After deparaffinization and rehydration, heat induced antigen retrieval (HIER) should 

be performed if necessary. Because during the processes of tissue fixation and 

paraffin-embedding, masking of antigen epitopes may occur, which could hinder 

primary antibodies from recognizing the antigen epitopes. Thus, the HIER procedure 

may be necessary to help uncover the masked antigens epitopes. But it is not 

necessary for all antigens. Consequently, an antibody optimization procedure should 

be established at first. In our lab, for HIER, tissue sections were placed in a plastic 

vessel and completely immersed in either citrate buffer (pH 6.0) or 

Tris(hydroxymethyl)aminomethane (Tris)/ ethylenediaminetetraacetic acid (EDTA) 

buffer (pH 9.0). The plastic vessel containing tissue sections was placed in a 

microwave oven till the buffer solution started to boil, and then the heating lasted for 

another 10 minutes without boiling. After that, the plastic vessel containing tissue 

sections was placed in a running tap water bath to get tissues slowly back to room 

temperature. Then tissue sections were washed in PBS 3 times, 5 minutes each time. 

Principally, tissue sections should be washed in PBS between 2 steps, but there is an 

exception, after serum blocking, tissue sections should be incubated with primary 

antibody directly without being washed in PBS. 

In the next step, blocking was performed to reduce unspecific binding. In principle, the 

primary antibody binds specifically to the antigen. In practice, tissue samples may carry 
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endogenous Fc receptors that could recognize and bind to the primary antibody, 

resulting in unspecific binding. Therefore, blocking these endogenous Fc receptors 

using normal serum containing unspecific antibodies could reduce such unspecific 

binding. Usually, the animal from which the blocking serum is taken and the host in 

which secondary antibodies are raised should be of the same species.  

Next, the slides were leaned to get rid of blocking serum, and the primary antibody 

incubation was performed. During this step, the primary antibodies were diluted in 

normal serum at optimal antibody concentration. Tissue sections were incubated with 

primary antibody at 4°C overnight. The primary antibodies used for 

immunohistochemical staining in this study were listed in table 4. 

Table 4: Primary antibodies applied for immunohistochemical staining 

antigen species dilution HIER supplier purchase 

number 

RRID tissue 

samples 

ALDH1L1 Rabbit 1:750 without Abcam, 

UK 

Ab87117 GR335

4022-1 

Mouse 

Laminin Rabbit 1:300 Tris/EDTA Abcam, 

UK 

Ab11575 GR326

8366-1 

Mouse 

ALDH1L1 Rabbit 1:200 Citrate Abcam, 

UK 

Ab177463 GR33/9

6/2-1 

Human 

GFAP Rabbit 1:250 Tris/EDTA Abcam, 

UK 

Ab68428 GR257

920-32 

Human 

 

The next day, peroxidase blocking was performed after primary antibody incubation. 

In this step, hydrogen peroxide (0.35%) was applied to incubate the tissue samples for 

30 minutes. The reason for the application of peroxidase blocking is that tissues may 

contain endogenous peroxidase which could react with chromogen substrate and 

chromogen, leading to unspecific background staining. Hence, hydrogen peroxide 

should be applied to inactivate endogenous peroxidase [75,76] and ultimately minimize 

such unspecific staining.  

After that, secondary antibody incubation was performed. After secondary antibodies 

were diluted in normal serum, tissue samples were incubated with the secondary 

http://www.youdao.com/w/hydrogen%20peroxide/#keyfrom=E2Ctranslation
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antibody solution for 1 hour at room temperature. The secondary antibodies used for 

immunohistochemical staining in this study were listed in table 5. 

Table 5: Secondary antibodies applied for immunohistochemical staining 

secondary 

antibody 

dilution supplier purchase 

number 

RRID 

Goat anti-rabbit 

IgG 

1:200 Vector 
Laboratories, USA 

BA-1000 AB_2313606 

 

The next step is the application of HRP coupled avidin-biotin complex. Tissue sections 

were incubated with HRP coupled avidin-biotin complex for 1 hour at room temperature. 

It is noteworthy that the ABC-HRP system should be prepared at least 30 minutes 

before its application. 

Then the chromogen DAB was diluted with DAB substrate, and the tissue sections 

were stained with the DAB solution for 10 minutes. Afterwards, tissues were washed 

in tap water for several seconds followed by distilled water for 5 minutes. Hematoxylin 

staining was performed for 1 minute to visualize cell nuclei with blue color if it was 

appropriate, which was also referred to as nuclear counterstain. Afterwards, tissue 

sections went through the process of dehydration (Table 6) and were mounted by a 

mounting medium DePeX. 

Table 6: Dehydration 

Step Duration 
Distilled water 3 min 
Ethanol 50% 3 min 
Ethanol 70% 3 min 
Ethanol 96% 3 min 
Ethanol 96% 3 min 
Ethanol 100% 3 min 
Ethanol 100% 3 min 
xylene /Ethanol 50%/50% 5 min 
xylene  10 min 
xylene  10 min 
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The protocol, including the whole procedure of immunohistochemical staining, was 

listed in table 7. 

Table 7: Protocol of immunohistochemical staining 

Step Process 
1 Deparaffinization and rehydration (Table 3). 

2 
HIER if necessary in Citrate or Tris/EDTA for 10 minutes (after HIER, 
all the slides should return to room temperature in running tap water 
bath). 

3 Blocking with 5% normal serum for 1 hour. 

4 
Primary antibody incubation overnight at 4°C , but for omission of 
primary antibody control, the primary antibody solution was replaced 
by 5% normal serum. 

5 Slides were washed in PBS 3 times, 5 minutes each time. The 
negative controls should be washed separately. 

6 Peroxidase blocking with hydrogen peroxide (0.35%) for 30 minutes 
7 Slides were washed in PBS 3 times, 5 minutes each time. 
8 Secondary antibody incubation for 1 hour at 4°C. 
9 Slides were washed in PBS 3 times, 5 minutes each time. 

10 ABC-HRP incubation. ABC-HRP system should be prepared at least 
30 minutes before its application.  

11 Slides were washed in PBS 3 times, 5 minutes each time. 
12 Staining with DAB for 10 minutes. 

13 Slides were washed in tap water for a few seconds, then in distilled 
water for 5 minutes. 

14 
Nuclear counterstain with hematoxylin for 1 minute if appropriate 
(then slides were washed 1% HCL-Ethanol for 5 seconds, in tap 
water for 5 minutes, afterwards in distilled water for 3 minutes). 

15 Dehydration (Table 6)  
16 Mounting with a medium DePeX. 
17 Drying in a fume hood 

4.5 Immunofluorescence 

4.5.1 Principle of immunofluorescent staining 

Immunofluorescent staining is a technique that can be used to identify antigens or 

proteins in situ in tissue sections as well. Although there are some differences, it is 

similar to immunohistochemical staining because both techniques take advantage of 

specific immunoreactions. The principle of immunofluorescent staining is summarized 

http://www.youdao.com/w/hydrogen%20peroxide/#keyfrom=E2Ctranslation
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as follows: 

♦ Primary antibody binds specifically to the targeting antigen in biological tissue. 

♦ Fluorophore-conjugated secondary antibody binds specifically to the primary 

antibody. 

♦ Under an epifluorescence microscope, fluorophores absorb short-wavelength high 

energy light (excitation) and emit long-wavelength low energy light (fluorescence). The 

emitted light can be captured and digitalized. In this way, antigens are eventually 

visualized. 

♦ If needed, cell nuclei can be visualized by 4’,6-diamidino-2-phenylindole (DAPI), a 

popular fluorescent dye that binds to DNA and presents with blue color. 

♦ If 2 antigens need to be visualized simultaneously, 2 combinations of primary 

antibodies and secondary antibodies should be applied. Specifically, 2 kinds of primary 

antibodies raised in 2 animal species should be chosen. In contrast, 2 kinds of 

secondary antibodies taken from the same animal species can be applied. These 2 

kinds of secondary antibodies are conjugated with differential fluorophores which give 

out light of different wavelengths or colors. In this case, the technique is referred to as 

double immunofluorescent staining. 

 
Figure 7: Schematic of double immunofluorescent staining. 
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4.5.2 Procedure of double immunofluorescent staining 

The double Immunofluorescent staining began with deparaffinization, and rehydration 

(table 2) followed by HIER if necessary and subsequently normal serum blocking, 

which was the same as steps during the immunohistochemical staining. 

Then, incubation with 2 kinds of primary antibodies was performed at 4°C in a 

refrigerator overnight. When 2 kinds of primary antibodies were diluted into normal 

serum together, concentrations of both primary antibodies should be at their respective 

optimal dilution. The primary antibodies used for double immunofluorescent staining in 

this study were listed in table 8. 

Table 8: Primary antibodies used for immunofluorescent staining 

antigen species dilution HIER supplier purchase 

number 

RRID 

ALDH1L1 Rabbit 1:1000 Tris/EDTA Abcam, 

UK 

Ab87117 GR33540

22-1 

GFAP Goat 1:500 Tris/EDTA Sigma-

Aldrich, USA 

SAB25004

62-100UG 

7478G2 

CD31 Rat 1:20 Tris/EDTA Dianova, 

Switzerland 

DIA-310 201015/01 

 

The next day, incubation with secondary antibodies was performed. The secondary 

antibodies were diluted with 5% normal serum at the optimal dilution. Secondary 

antibody incubation lasted for two hours at room temperature in a dark place to avoid 

bleaching. The secondary antibodies used for double immunofluorescent staining in 

this study were listed in table 9. 

One bulletin point is that fluorescence signals may be damaged when fluorophores are 

exposed to light. Consequently, it is better to reduce light intensity and minimize 

exposure time to light when handling the secondary antibodies and in subsequent 

steps. 

In this study, to help recognize the anatomical structure, nuclear counterstain was 

performed using DAPI. Finally, tissue sections were mounted. In this study, nuclear 
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counterstain and mounting were performed simultaneously because Fluoroshield 

containing mounting medium and DAPI was applied. 

Table 9: Secondary antibodies used for immunofluorescent staining 

secondary antibody dilution supplier purchase 

number 

RRID 

Alexa Fluor 488-coupled  

donkey anti-rabbit IgG 

1:250 Abcam, 

UK 

ab150065 GR3225143-2 

Alexa Fluor 594-coupled  

donkey anti-goat IgG 

1:250 Abcam, 

UK 

ab150132 GR3232359-4 

Alexa Fluor 594-coupled  

donkey anti-rat IgG 

1:250 Abcam, 

UK 

ab150156 GR33585209-2 

 

The protocol, including the whole procedure of double immunofluorescent staining, 

was listed in table 10. 

Table 10: Protocol of double immunofluorescent staining 

Step Process 
1 Deparaffinization and rehydration (Table 3). 

2 
HIER in Citrate or Tris/EDTA for 10 minutes if necessary (after HIER, 
all the slides should return to room temperature in running tap water 
bath). 

3 Blocking with 5% normal serum for 1 hour. 

4 

Primary antibody incubation overnight at 4°C, but for omission of 
primary antibody control, the primary antibody was replaced by 5% 
normal serum. For each cross control, 1 kind of primary antibody was 
applied. 

5 Slides were washed in PBS 3 times, 5 minutes each time. Each 
negative control should be washed separately. 

6 Secondary antibody incubation for 1 hour at 4°C, but for each cross 
control, unmatched secondary antibody was applied. 

7 Slides were washed in PBS 3 times, 5 minutes each time. 
8 Nuclear counterstain and mounting with DAPI. 
9 Drying and storage in a dark place. 
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4.6 Negative controls 

Principally, immunohistochemical staining and immunofluorescent staining are based 

on specific immunoreactions. Several factors could cause unspecific bindings and 

false positive signals, including endogenous Fc receptors and endogenous hydrogen 

peroxidase as described previously. Different strategies can be utilized to verify 

whether the staining results are valid and accurate. Besides cellular staining type and 

distribution of positive signal, negative controls are helpful to verify staining specificity. 

Generally, positive signals are present in normally stained tissues and absent in 

negative controls, indicating that the results arise from specific bindings and are valid. 

 

 

Figure 8: Schematic of negative controls in double immunofluorescent staining. 

In omission of primary antibody control, the application of primary antibodies was omitted, while the 

secondary antibodies were applied. In each cross control, a combination of unmatched primary antibodies 

and secondary antibodies were applied.  

 

 

http://www.youdao.com/w/utilize/#keyfrom=E2Ctranslation
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In this study, omission of primary antibody was applied during immunohistochemical 

staining as negative controls. As its name implies, omission of primary antibody means 

the primary antibodies are not applied. If false positive signals could be observed in 

the negative controls, the false positive signals are usually considered to originate from 

unspecific bindings of secondary antibodies. 

During the procedure of double immunofluorescent staining, omission of primary 

antibody and cross controls  (figure 8) were applied as negative controls (figure 8). As 

shown in figure 8, cross controls were utilized to examine unspecific bindings of 

secondary antibody to unmatched primary antibody. To this end, combinations of 

unmatched primary antibodies and secondary antibodies were applied. 

4.7 Digital Image Analysis 

All the sections stained in this study were digitalized using a Leica DM6 B microscope 

(Wetzlar, Germany) equipped with a Leica DMC6200 camera. Sections of each 

staining were digitalized under the microscope with the same settings to avoid 

discrepancy. 

4.7.1 Quantification of single cellular area 

Principally, different kinds of cells usually have different cellular sizes and areas. 

Astrocytes are larger than other glial cells and neurons. To investigate whether these 

cells with weak intensity of anti-ALDH1L1 immunohistochemical staining were 

astrocytes or not, their cellular areas were measured, and then these data were 

compared with data of astrocytic cellular areas in publications. If these cellular areas 

with weak ALDH1L1 staining intensity were in line with data of astrocytic areas in 

publications, these cells with low ALDH1L1 expression would be proven to be 

astrocytes indeed.  

To this end, 50 weakly stained cells by anti-ALDH1L1 staining from 3 rodent brain 

tissues were identified and included. Cellular areas of these 50 cells were measured. 

http://www.youdao.com/w/unmatched/#keyfrom=E2Ctranslation
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At the same time, I found that there were no reliable data regarding cellular area of 

astrocytes in publications. But some literatures offered images of astrocytes allowing 

for measuring cellular areas. In the end, 7 images of astrocytes from 3 publications 

were included and the area of these cells were quantified [77–79].  

Briefly, cellular areas of 2 groups were measured in this study. One group of 50 

astrocytes with weak anti-ALDH1L1 staining intensity and the other group of 7 

astrocytes from 3 publications were included. The open-source software Fiji/ImageJ 

(1.53i, NIH, Bethesda, MD, USA) was applied to measure the cellular areas of 

astrocytes. Detailed steps were as follows. 

 

♦ Set measurements and check “area” 

♦ Set scale and convert the calibration from pixel to micron. 

♦ Use “Polygon Selections” to demarcate the border of each targeting cell. 

♦ “Measure” and get the data. 

 

4.7.2 Quantification of staining intensity 

The immunohistochemical staining intensity were evaluated using the open-source 

software ImageJ (1.53i, NIH, Bethesda, MD, USA) with densitometrical algorithm. The 

staining intensities of several regions of interest (ROIs) were quantified, including the 

superficial region of cortex, deep region of cortex, perivascular regions, and medium 

corpus callosum. Detailed steps were as follows. 

 

♦ Set measurements, check “area fraction”. 

♦ Select the ROI. 

♦ Convert the colorized image to an 8-bit grey image. 

♦ Convert the image to black&white image. 

♦ Measure the density of black pixels in the ROI and get the data offered as percentage 

of area. 
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Table 11: Quantification of staining intensity 

Steps Diagram  Annotation 

“Polygon 

Selections” 

 

Select 

superficial 

region of 

cortex as 

ROI. 

“Image 

type” 

“8-bit” 

 

Convert the 

colorized 

image to an 

8-bit grey 

image. 

“Image”  

“ Adjust” 

“Threshold” 

 

Convert the 

image to 

black&white 

image, then 

measure the 

density of 

black pixels 

(% area) in 

the ROI. 
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4.7.3 ROIs  

In this study, when quantifying the staining intensities and counting cell numbers, 

several ROIs were included and applied. In human brain sections, superficial regions 

of cortex, deep regions of cortex (figure 9, A) were included as ROIs when evaluating 

the cortical staining intensity. 

 

 

Figure 9: Schematic of ROIs. 

(A) In the human cortex, superficial region of cortex (dashed black line) and deep region of cortex (dashed 

white line) were selected as ROIs. (B) Concentric perivascular regions (solid white line) were utilized as 

ROIs. (C) Medium corpus callosum (solid black line) was identified as ROIs. (D) Cortex (solid white line) 

were marked as ROIs. Abbreviations = i: inner concentric region, m: medium concentric region, o: outer 

concentric region, cing: cingulum, mcc: medium corpus callosum, df: dorsal fornix, alv: alveus. 

 

When analyzing the staining intensities in the concentric perivascular regions (figure 

9, B), after the border of the blood vessel was outlined, a macro was applied to label 

concentric perivascular circles. In this way, 3 concentric perivascular regions were 

http://www.youdao.com/w/blood%20vessel/#keyfrom=E2Ctranslation
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established, including inner, medium, and outer concentric perivascular regions. 

The rodent brain sections at the level of 285 according to the mouse brain atlas 

published by Sidman et al. were applied. Medium corpus callosum (figure 9, C) was 

selected as ROIs when quantifying the staining intensity of ALDH1L1. Part of the cortex 

(figure 9, D, enclosed by 5 lines, including middle line, borders of pia matter, 

boundaries of medium corpus callosum and cingulum, a line through the tip of cingulum 

and parallel to middle line) was defined as ROIs when quantifying the cell density of 

astrocytes. 

4.7.4 Quantification of cell density 

Cell density in the ROIs was quantified using the open-source software ImageJ (1.53i, 

NIH, Bethesda, MD, USA). The ROIs were manually outlined. Areas of the ROIs were 

measured. Astrocytes within the ROIs were marked and counted by an experimenter 

blinded to the groups. In the end, cell densities were calculated and given as cells/mm2. 

4.8 Statistical Analysis 

The statistical analyses were performed using GraphPad Prism 8 (GraphPad Software 

Inc., San Diego, CA, USA). The data were given as arithmetic means ± standard error 

of the mean (SEM). First, normality test was performed to evaluate whether the data 

were in accordance with Gaussian distribution, then t-test, Mann-Whitney test, or one-

way ANOVA was applied, if appropriate. The specific statistical procedures applied for 

the analyses were provided in the respective figure legends. The following symbols 

were used to indicate the level of significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 

and ns (=not significant) p > 0.05. 
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5. Results 

5.1 Protoplasmic and fibrous pattern 

At first, it should be evaluated that whether the applied antibody could visualize 

astrocytes in human and murine brain tissues. To this end, 1 human brain section and 

1 murine brain section were processed for anti-ALDH1L1 immunohistochemistry and 

evaluated for the presence of astrocytes. 

  

Figure 10: Astrocytes visualized by immunohistochemical staining for ALDH1L1. 

Protoplasmic and fibrous astrocytes located in the grey matter and white matter respectively were 

visualized by immunohistochemical staining for ALDH1L1. Human astrocytes possessed more processes 

and larger volumes than murine astrocytes.  
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As shown in figure 10, protoplasmic and fibrous astrocytes in the grey matter and white 

matter respectively were well visualized by the anti-ALDH1L1 antibody. Protoplasmic 

astrocytes exhibited a starlike shape with branched bushy processes, whereas fibrous 

type exhibited relatively fewer processes. Human astrocytes were larger than murine 

astrocytes in terms of cellular size and exhibited more complex morphology. 

5.2 ALDH1L1 expression in human cortex 

To investigate the expression of ALDH1L1 by astrocytes in the human cortex, 3 brain 

sections from 3 control human body donors were processed for anti-ALDH1L1 

immunohistochemical staining. As shown in Figure 11, in the cortex of human brain, 

the diffuse high staining intensity may be attributed to large amounts of astrocytic 

processes. Whereas, in the superficial cortical regions near the glia limitans 

superficialis, decreased intensity of anti-ALDH1L1 staining was observed, and the 

regions around some blood vessels displayed weak staining intensity as well. In this 

case, the expression of ALDH1L1 by astrocytes differed in a region-dependent manner 

to some extent. 

To evaluate whether these staining intensity differences were significant or not,  

staining intensity in superficial regions and deep layers of cortex as well as the 

concentric perivascular regions was quantified and statistically analyzed. As shown in 

Figure 12, the results indicated a significant difference in anti-ALDH1L1 staining 

intensity between superficial regions and deep regions of the cortex, and staining 

intensity differed significantly between concentric perivascular regions. 

However, not all perivascular regions showed weak staining intensity, at least regions 

around some blood vessels displayed relatively normal staining intensity (data not 

shown). 
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Figure 11: ALDH1L1 expression in human brain cortex. 

Images of immunohistochemical staining for ALDH1L1 with brain tissues from 3 control humans. 

Superficial cortical regions (arrows) and some perivascular regions (dashed line) presented low staining 

intensity. On the right were magnified images of perivascular regions.  



41 

 

Figure 12: Anti-ALDH1L1 staining intensity in the human brain cortex. 

(A) Anti-ALDH1L1 staining intensity in superficial regions (dashed black line) and deep layers of cortex 

(dashed white line) was quantified, and the statistical analysis (B) indicated a significant difference, n = 3, 

*** p < 0.001, paired t-test. (C) Anti-ALDH1L1 staining intensity in perivascular regions was quantified, the 

statistical analysis (D) indicated a significant difference in staining intensity between perivascular regions, 

i = inner perivascular region, m = medium perivascular region, o = outer medium perivascular region 

perivascular region, n=3, * p < 0.05, ** p < 0.01, one-way ANOVA test.  

5.3 GFAP expression in human cortex 

To investigate the astrocytic expression of GFAP in human cortex, 3 brain sections 

from 3 control humans were processed for anti-GFAP immunohistochemical staining. 

As shown in Figure 13, under physiological conditions, not all astrocytes were 

visualized by immunohistochemical staining for GFAP. In general, astrocytes in 

superficial regions of the cortex (near the glia limitans superficialis) and perivascular 

regions (near the glia limitans perivascularis) were GFAP positive, while most of the 
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other cortical astrocytes were GFAP negative.  

 

 

Figure 13: GFAP expression in human brain cortex. 

Images of immunohistochemical staining for GFAP with brain tissues from 3 control humans. Astrocytes 

in superficial layers of cortex and around some blood vessels (dashed line, magnified images on the right) 

could be visualized by immunohistochemical staining for GFAP. 

 

5.4 ALDH1L1 expression in murine cortex  

To investigate the expression of ALDH1L1 by astrocytes in the murine cortex, 6 brain 

sections from 3 control mice were processed for anti-ALDH1L1 immunohistochemical 

staining. As shown in Figure 14, in the mouse brain cortex, astrocytes exhibited 

protoplasmic morphology, and their somas and stem processes were well visualized 

by the anti-ALDH1L1 antibody. 

Besides these astrocytes with protoplasmic morphology, weakly stained areas (Figure 

5, Figure 14) were found in the murine cortex. In the center of each weakly stained 

area, the soma and stem processes were positively marked, implying that some 

astrocytes do not express ALDH1L1 at the periphery but just within the central 

compartments. 
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Figure 14: Astrocytes in mouse brain cortex. 
Images of immunohistochemical staining for ALDH1L1 with brain tissues from 3 control mice. Astrocytes 

in the cortex of the mouse brain exhibited protoplasmic morphology (arrowheads). Weakly stained areas 

(dashed white line) with low staining intensity were present in the cortex. In the center of each weakly 

stained area, the soma and stem processes were positively stained (arrows). 

5.5 Cellular areas of astrocytes 

In principle, different kinds of cells possessed different cellular sizes. Astrocytes 

possessed larger cellular sizes than other glial cells and neurons. Consequently, to 

investigate whether the above-mentioned weakly stained cells were indeed astrocytes, 

I measured the cellular areas of these weakly stained cells. Then the data were 

compared with the data of astrocytic cellular areas in publications (see material and 

methods section for more detailed information). 

For this purpose, 6 stained brain sections from 3 control mice were digitalized. 50 

weakly stained cells by anti-ALDH1L1 staining were identified and included, 

overlapped cells with weak staining intensity were excluded. The cellular areas were 

measured using open source software, ImageJ (1.53i, NIH, Bethesda, MD, USA). Data 

of 50 cellular areas were listed in table 12 (left column). 
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I did not find reliable data regarding the area of astrocytes in literatures. However, in 

some publications, the authors provided images of protoplasmic astrocytes with a 

scalebar. Therefore, I measured cellular areas of these astrocytes by using the 

provided scalebars on my own. The data of astrocytic areas were listed in table 12 

(right column). 

Table 12: Cellular areas of astrocytes 

cellular area of weak ALDH1L1 
expression (μm2) 

measured area of astrocyte from 
literature (μm2) 

1434.036 1485.875 
1203.055 1642.750 
1211.917 1075.250 
1386.921 1499.082 
1327.020 1468.538 
1186.322 1064.294 
1942.164 1487.143 
1057.226  
1336.162  
1522.163  
1304.875  
1252.369  
1132.415  
1297.694  
1432.440  
1906.801  
1822.189  
1705.943  
1441.756  
1280.487  
1242.882  
1192.575  
834.740  
953.422  
1448.720  
1167.757  
1569.170  
1089.052  
1314.125  
1090.391  
819.603  
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Figure 15: Cellular areas of murine astrocytes. 

(A) Image of a weakly stained cell. The cellular borders were demarcated to measure the cellular area. 

(B) Image of a protoplasmic astrocyte modified from literature [78]. (C) Analyses of cellular areas. Results 

indicated that there was no significant difference between the data of the 2 groups. ns = not significant, 

Mann-Whitney test. 

 

As shown in Figure 15, the cellular borders were outlined, and cellular areas were 

measured. Statistical analyses were performed to test whether the data of the 2 groups 

were consistent with each other. Results indicated that the mean cellular area of the 2 

groups were 1322 ± 37.56 μm2 and 1389 ± 85.32 μm2, and no significant difference 

was found between the data of 2 groups. These weakly stained cells possessed 

cellular area of weak ALDH1L1 
expression (μm2) 

measured area of astrocyte from 
literature (μm2) 

1217.028  
1379.806  
1625.622  
1281.263  
1232.725  
1074.001  
1586.464  
1401.131  
770.505  
1141.817  
1918.445  
981.648  
1461.938  
1595.089  
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cellular areas comparable to astrocytic cellular areas, implying these weakly stained 

cells were indeed astrocytes. 

The other way to prove these cells with weak staining intensity of ALDH1L1 were 

indeed astrocytes was using double immunofluorescent staining for 2 astrocytic 

markers, namely ALDH1L1 and GFAP. In this way, astrocytes were visualized by 2 

different fluorescent signals corresponding to ALDH1L1 and GFAP respectively. If the 

cells which presented weak ALDH1L1 signal showed a clear GFAP signal, we can 

assume these cells were indeed astrocytes. 

 

 

Figure 16: Image of consecutive sections stained for ALDH1L1, GFAP, and Laminin.  

The double immunofluorescent staining labeled an astrocyte whose soma and stem processes were 

obviously visualized by the anti-GFAP antibody, while only the soma was weakly labeled by the anti-

ALDH1L1 antibody. Immunohistochemical staining for ALDH1L1 revealed reduced staining intensity of the 

same astrocyte as well. A blood vessel visualized by immunohistochemical staining for laminin seemingly 

went through the territory of the astrocyte.   

 

Given that some perivascular regions displayed significantly weak staining intensity of 

ALDH1L1 in human cortex, I tried to investigate whether the low ALDH1L1 expression 

was related to blood vessels in the murine cortex as well. I did the anti-Laminin 
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immunohistochemical staining to visualize blood vessels. 

In order to localize and label the very same astrocyte, 3 consecutive sections were 

processed for double immunofluorescent staining (ALDH1L1 and GFAP), anti-

ALDH1L1 immunohistochemical staining, anti-Laminin immunohistochemical staining, 

respectively.   

As shown in Figure 16, one cell was labeled by double immunofluorescent staining for 

ALDH1L1 and GFAP. Only the soma was weakly marked by the fluorescent signal of 

ALDH1L1, which was consistent with the result of weak immunohistochemical staining 

intensity of ALDH1L1, indicating low expression of ALDH1L1 by the cell at its periphery. 

However, the soma and stem processes were clearly visualized by the 

immunofluorescent signal of GFAP, indicating the cell with low ALDH1L1 expression 

was indeed an astrocyte. Moreover, a blood vessel visualized by anti-Laminin 

immunohistochemical staining went through the territory of the astrocyte with weak 

ALDH1L1 expression, implying a close relationship between the blood vessel and this 

particular astrocyte.   

Finally, in two different ways, including cellular areas comparison, and double 

immunofluorescent staining for ALDH1L1 and GFAP, these cells in murine cortex with 

low ALDH1L1 expression were confirmed to be astrocytes. 

5.6 Relations between astrocytes with low ALDH1L1 

expression and blood vessels 

As shown in Figure 16, a blood vessel went through the territory of the particular 

astrocyte with low ALDH1L1 expression, implying a close relation between them. To 

further investigate whether astrocytic low ALDH1L1 expression was associated with 

blood vessels, I did a double immunofluorescent staining which visualized astrocytes 

with the low ALDH1L1 expression and blood vessels simultaneously.  

6 brain sections from 3 mice were used to perform double immunofluorescent staining 

for ALDH1L1 and CD31. CD31, a marker of endothelial cells, was used to mark blood 
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vessels. As shown in the upper 3 images (Figure 17), regional loss of ALDH1L1 signal 

around blood vessels could be clearly identified, indicating close relations between 

regional expression loss of ALDH1L1 by astrocytes and blood vessels. In the lower 3 

images (Figure 17), astrocytes displayed regular ALDH1L1 expression around blood 

vessels, implying not all astrocytes around blood vessels were with low expression of 

ALDH1L1. 

 

 

Figure 17: Image of double immunofluorescent staining for ALDH1L1 and CD31.  

Double immunofluorescent staining for ALDH1L1 and CD31 was performed to label astrocytes and blood 

vessels simultaneously with brain tissues from 3 mice. The upper 3 images revealed regional loss of 

ALDH1L1 signal around blood vessels, while the lower 3 images demonstrated astrocytes with regular 

ALDH1L1 expression around blood vessels. 

5.7 ALDH1L1 expression in post-mortem MS tissues 

To investigate the ALDH1L1 expression under the condition of MS, 3 post-mortem 

brain sections from 3 MS patients were immunohistochemically stained for ALDH1L1. 

3 brain sections from 3 control human were stained for ALDH1L1 as well to check 

whether expression changes of ALDH1L1 existed compared with MS.  
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Figure 18: Image of astrocytes in control human and MS brain tissues. 

Astrocytes visualized by immunohistochemical staining for ALDH1L1 with tissues from 3 control humans 

and 3 MS patients. (A) Image of astrocytes in the cortex of control tissues. (B) Image of astrocytes in the 

cortex of MS tissues. (C) Image of astrocytes in the white matter of control tissues. (D) Image of astrocytes 

in the white matter of MS tissues.  
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As shown in Figure 18, in the cortex and white matter of control tissue, the somas and 

stem processes of astrocytes were visualized by immunohistochemical staining for 

ALDH1L1. The morphology of protoplasmic and fibrous astrocytes was identified. In 

the cortex and white matter of MS tissue, the somas of some astrocytes were still 

visualized by the anti-ALDH1L1 antibody, but the morphology of stem processes was 

hard to identify. Under the condition of MS, cellular expression of ALDH1L1 seemed 

concentrated in the somas of some astrocytes.  

5.8 Astrocytic ALDH1L1 expression in cuprizone models 

To investigate the ALDH1L1 expression under the condition of cuprizone models, 20 

brain sections from 20 mice of control, 1-week cuprizone, 3-week cuprizone and 5-

week cuprizone groups were immunohistochemically stained for ALDH1L1.  

 

 

Figure 19: Image of astrocytes in the cortex of cuprizone models.  

(A) Schematic of ALDH1L1 expression in the cortex of different groups. In the 3w-Cup and 5w-Cup groups, 

some astrocytes presented thicker processes (arrows) compared with control group. (B) Analysis of 

ALDH1L1+ cell density in 4 groups. The results indicated that the ALDH1L1+ cell densities differed 

significantly between control group and 5-week cuprizone intoxication group, w-Cup: week-cuprizone, one 

way ANOVA test.  
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As shown in Figure 19, in 3-week and 5-week cuprizone groups, some cortical 

astrocytes exhibited thicker processes compared with control group based on anti- 

ALDH1L1 immunohistochemical staining. ALDH1L1+ cell densities in the cortex (ROI 

shown in Figure 9, D) of different groups were analyzed. The results revealed that 

compared with the control group, ALDH1L1+ cell densities differed significantly in the 

5-week cuprizone group, but not in the 1-week and 3-week cuprizone group. 

As shown in Figure 20, staining intensity changes were identified in the medium corpus 

callosum of different groups. The statistical analysis results revealed that compared 

with the control group, anti-ALDH1L1 staining intensities differed significantly in the 5-

week cuprizone intoxication group, but not in the 1-week and 3-week cuprizone 

intoxication groups. Anti-ALDH1L1 staining intensity changes indicated different levels 

of astrogliosis in these groups.  

 
 

 

Figure 20: Astrogliosis in the medium corpus callosum of cuprizone models.  

(A) Schematic of anti-ALDH1L1 staining intensity in 4 groups. (B) Analysis of anti-ALDH1L1 staining 

intensities in 4 groups indicated the expression level of ALDH1L1 in medium corpus callosum differed 

significantly between control group and 5-week cuprizone intoxication group, w-Cup: week-cuprizone,  

one way ANOVA test.  

5.9 Negative controls 

To verify the validity of the staining, I performed in parallel negative controls when 
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performing the staining in this study. Specifically, omission of primary antibody controls 

were adopted when immunohistochemical staining was performed. Omission of 

primary antibody and cross controls were adopted when double immunofluorescent 

staining was performed. 

As shown in Figure 21 (A), astrocytes were visualized by anti-ALDH1L1 

immunohistochemical staining, and the nuclei were counterstained. When primary 

antibodies were omitted, only the nuclei were counterstained. 

As shown in Figure 21 (B), astrocytes were labeled by two markers, ALDH1L1 and 

GFAP, through double immunofluorescent staining, and the nuclei were marked by 

DAPI. In primary antibody omission control where the application of primary antibodies 

was omitted, and in cross controls where unmatched primary antibodies and 

secondary antibodies were applied, only the nuclei were marked by DAPI, both 

ALDH1L1 and GFAP signals were absent. 

 

 

Figure 21: Schematic of negative controls.  

(A) Images of immunohistochemical staining for ALDH1L1 and primary antibody omission control 

respectively. (B) Images of double immunofluorescent staining for ALDH1L1 and GFAP, primary antibody 

omission control, and cross controls respectively. All these 4 Images were merged images captured under 

the same settings. In primary antibody omission control, the application of primary antibodies was omitted. 

In cross controls, unmatched combinations of primary antibodies and secondary antibodies (rabbit anti-

mouse ALDH1L1 + Alexa Fluor 594-coupled donkey anti-goat IgG, goat anti-rat GFAP + Alexa Fluor 488-

coupled donkey anti-rabbit IgG) were applied. 
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6. Discussion 

6.1 The expression of ALDH1L1 by astrocytes 

Both protoplasmic and fibrous astrocytes could be well visualized by anti-ALDH1L1 

antibody. As shown in this study, the astrocytic expression of ALDH1L1 exhibited some 

properties in a region-dependent manner, at the same time, the expression of 

ALDH1L1 and GFAP by astrocytes seemed quite different.  

In humans, astrocytes in superficial regions of the cortex and in some perivascular 

regions exhibited decreased expression of ALDH1L1. In mice, astrocytes in superficial 

regions of the cortex did not show regional expression loss of ALDH1L1, whereas 

reduced expression of ALDH1L1 around some blood vessels did exist. 

In human brain tissues, astrocytes in cortical regions near the glia limitans superficialis 

and near the glia limitans perivascularis expressed GFAP, and most of the other 

cortical astrocytes were GFAP negative. In rodent brain tissues, it has been 

demonstrated that the expression of  GFAP was similar to that in human brain tissues 

[80].  

To some extent, the expression of ALDH1L1 and GFAP exhibited contrary 

characteristics in a region-dependent manner, although the contrary tendency was not 

strictly rigid at regional and cellular levels.  

It has been shown that in GFAP -/- mice, the function and morphology of BBB were 

affected severely. Consequently, the expression of GFAP has been associated with 

the integrity of BBB [81]. Therefore, regional expression of GFAP by astrocytes near 

the glia limitans superficialis and the glia limitans perivascularis may be a result of the 

involvement of astrocytes and GFAP in the maintenance of BBB.  

In the cortex and white matter of MS brain tissues, the expression of ALDH1L1 by 

some astrocytes seemed concentrated in the somas, while the processes, including 

stem processes, displayed much lower ALDH1L1 expression.  

In cuprizone models, reactive astrocytes exhibited morphological changes, including 
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enlarged somas and stem processes [69]. These morphological changes made these 

reactive astrocytes seem hypertrophic. The number of ALDH1L1+ astrocytes 

increased significantly in the 5-week cuprizone group compared with the control group. 

The increase may be due to the proliferation of astrocytes, but there was another 

possible explanation that under the condition of cuprizone model, increased numbers 

of astrocytes were counted because hypertrophic morphology enabled them to be 

more easily identified.  

Significant astrogliosis in the corpus callosum, especially the medium corpus callosum, 

was identified and the astrogliosis might be associated with demyelination. Astrocytes 

were actively involved in the process of demyelination. It has been shown that 

astrocytes could phagocytize myelin debris directly [82]. In addition, they were able to 

recruit microglia to phagocytize myelin debris through the secretion of the chemokine 

C-X-C motif chemokine Ligand  (CXCL) 10 [83]. 

6.2 Other markers of astrocytes 

Apart from GFAP and ALDH1L1, several proteins expressed by astrocytes were taken 

as markers of astrocytes, e.g., S100β, GLT1, AQP4, Cx43, etc. Each marker had its 

specific expression characteristics when used to label astrocytes. 

S100β is a calcium-binding protein and has been used to label astrocytes for decades. 

Du  et al. investigated the expression of S100β in the CNS and demonstrated the 

expression of S100β by protoplasmic astrocytes and oligodendrocyte linage cells [84]. 

Vives et al. identified the expression of S100β by neurons using transgenic mice [85]. 

Thus, S100β is not a specific marker of astrocytes.  

GLT1 is a kind of glutamate transporter. In a study, Yang et al. suggested that the 

same astrocyte population expressed GLT1 and ALDH1L1 simultaneously [72]. 

Nevertheless, GLT1 was found to be expressed by neurons as well [86–88]. In addition, 

the expression of GLT1 in reactive astrocytes remained in controversy. Some authors 

proposed a reduction of GLT1 expression in reactive astrocytes [89,90], while a few 

studies reported an elevated expression of GLT1 by reactive astrocytes [91]. 

https://pubmed.ncbi.nlm.nih.gov/?term=Du%20J%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Vives+V&cauthor_id=12561079
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Schreiner et al. demonstrated a pattern with increased expression of GLT1 at the sites 

of glial scar, yet the expression of GLT1 was reduced at the sites distant from glial scar 

[92]. 

AQP4 is a protein with the pivotal function of water exchange, and it is usually 

described as the predominant water channel in the CNS [93]. The expression of AQP4 

exhibited an apparent region-specific property. AQP4 was intensely expressed by 

astrocytes in cerebellum and in regions in contact with water, e.g., astrocytic end-feet 

surrounding blood vessels, regions abutting ventricles and subarachnoid space 

[94]. Besides, ependymal cells [95] and capillary endothelial cells expressed AQP4 as 

well [96]. 

Cx43 is a member of connexins which constitute the gap junctions between astrocytes 

[97]. The astrocytic expression of Cx43 after CNS injury changed with heterogeneity 

and complexity [98]. Elevated expression of Cx43 was documented in the striatum of 

mild ischemia damage, while the striatum of severe ischemia damage displayed areas 

of reduced Cx43 expression in the center and elevated Cx43 immunoreactivity in the 

peripheral regions [98]. Cx43 was also expressed in other cell population, e.g., 

monocytes [99], endothelial cells [100], microglia [101], macrophages [102], and 

lymphocytes [103]. 

6.3 Astrocyte response and function in MS 

The immune system is an indispensable component in the pathogenesis of MS. It has 

been evidenced that T helper (Th) 1 cells and Th17 cells mediated the inflammatory 

cascades of MS and EAE [104,105]. Astrocytes were found as active participants in 

the inflammatory processes in MS as well since they had intimate interactions with 

immune cells, and played a crucial role in the development of MS.  

At the molecular level, in the brain tissue of MS, astrocytes were found to express 

major histocompatibility (MHC) class I and MHC class II, molecules necessary for 

antigen presentation [106,107]. Besides, co-stimulatory molecules B7-1 and B7-2 were 

also demonstrated to be expressed by reactive astrocytes in chronic active lesions of 
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MS through double immunofluorescent staining [108]. These molecules were 

necessary components of antigen presenting cells and the expression of these 

molecules by astrocytes indicated that astrocytes may serve as antigen presenting 

cells in MS. Astrocytes exhibited such ability not only in MS but also in other 

neurodegenerative diseases. For example, it has been shown that astrocytes 

expressing MHC class II and co-stimulatory molecules had close interactions with 

CD4+ T cells in Parkinson’s disease [109]. 

In addition, it has been shown that astrocytes produce a variety of cytokines and 

chemokines, e.g., IL-12 [110], IL-23 [111], IL-27 [112], C-C motif chemokine ligand 

(CCL) 2 [113], CCL5 [114], CCL20 [115], CXCL1 [116], CXCL10 [117], and CXCL12 

[118], to modulate immune responses in MS and the EAE animal models. These 

cytokines and chemokines could exacerbate or restrain the inflammation in the CNS, 

and some of them may possess both pro-inflammatory and anti-inflammatory capacity.  

IL-12 is a cytokine produced by astrocytes and microglia [119]. IL-12 was implicated 

in the differentiation of naive CD4+ T cells into Th1 cells [120,121], which were 

proposed to contribute to the development of MS [122]. Cris et al. demonstrated that 

astrocytes had the potential to express all subunits of IL-12 in the context of 

inflammation [123].  

IL-23 is a heterodimeric cytokine of IL-12 because IL23 has a same subunit p40 as 

IL12 and a distinct subunit p19. It has been shown that the subunit p19 of IL23 was 

produced by astrocytes under the condition of cell stress [123]. Thakker et al. 

demonstrated that IL-23 played an important role in the pathogenesis of EAE [124], 

the differentiation of naive CD4+ T cells into Th17 cells [125], and supporting 

the  survival and expansion of Th17 cells [126]. Moreover, Nitsch et al. demonstrated 

an elevated B cell accumulation in the EAE model using transgenic mice with targeted 

expression of IL23 by astrocytes [111]. 

Up-regulated expression of IL-27 by astrocytes was detected within post-mortem 

lesions of MS compared with normal brain tissues, and the expression level of IL-27 

was elevated in cultured human astrocytes when stimulated with inflammatory 

cytokines [112]. It has been shown that IL27 could reduce the severity of EAE through 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Constantinescu%2C+Cris+S
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-021-02140-z#auth-Louisa-Nitsch
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mediating the function of regulatory T cells in animal models [127], and in MS IL-27 

exhibited an neuroprotective impact through strengthening the function of regulatory T 

cells and restraining the function of Th17 cells [128].  

CCL2 is a chemokine with the capacity to recruit monocytes, macrophages, T cells, B 

cells, natural killer cells [129]. The astrocytic expression of CCL2 was confirmed in 

active white matter lesions [130]. It has been shown that CCL2 knockout from 

astrocytes resulted in decreased macrophage and T cell infiltration, dampened the 

activation of astrocytes and microglia, and thus reduced inflammation and 

demyelination in EAE models [113,131], implying CCL2 could exacerbate 

inflammatory cascades. He et al. found that the secretion of CCL2 from astrocytes 

could be induce by TNF-α [132], a pro-inflammatory cytokines. 

CCL 5, a proinflammatory chemoattractant for immune cells [133], could be produced 

by astrocytes [114]. The CCL5 level was demonstrated higher in the cerebrospinal fluid 

(CSF) of relapsing MS patients compared to stable MS patients [134]. Dos et al. 

investigated the function of CCL5 in the EAE models and proposed that CCL 5 had an 

impact on the adhesion of leukocyte to the brain blood vessels [135]. 

CCL20 has been shown to facilitate the recruitment of T cells and B cells [136].  

Astrocytes were the main producer of CCL20 in the CNS of EAE models [137]. CCL20 

concentrations in the serum of MS patients was elevated [138], and plasma level of 

CCL20 positively correlated to the severity of MS [139]. Reboldi et al. demonstrated 

that CCL20 induced the trafficking of pathogenic Th17 cells into the CNS via choroid 

plexus [140].  

CXCL1 is a member of the CXCL chemokine family. Omari et al. demonstrated for the 

first time that the reactive astrocytes secreted CXCL1 in the MS lesion, and in cultured 

astrocytes it was IL-1β that modulated the production of CXCL1 in astrocytes [141]. It 

has been shown that astrocytes derived CXCL1 induced the proliferation of OPCs [142] 

and hindered the migration of OPCs [143], which were necessary steps for 

remyelination. And the beneficial effects of improved remyelination was confirmed in 

EAE models using transgenic mice overexpressing CXCL1 [144]. On the other hand, 

CXCL1 may aggravate EAE via the recruitment of neutrophils [116]. These conflicting 

http://www.youdao.com/w/exacerbation/#keyfrom=E2Ctranslation
https://pubmed.ncbi.nlm.nih.gov/?term=dos+Santos+AC&cauthor_id=15833367
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data revealed the dual functions of CXCL1. 

The presence of CXCL10 expression by astrocytes was detected in MS lesions [145]. 

Sørensen et al. studied the CSF level of CXCL10 in different MS patient cohorts and 

found that the RRMS group had a prominently increased CSF level of CXCL10 

compared with the control group. Furthermore, CXCL10 exhibited the potential to 

induce the infiltration of C-X-C Motif chemokine Receptor (CXCR) 3 positive T cells 

[145], or CD4+ T cells [146], antibodies secreting cells [117] and neutrophils [147] into 

the brain parenchyma. 

CXCL12 could be expressed by reactive astrocytes in MS lesion [118]. The CXCL12 

levels in CSF [148] and MS lesion [118] were significantly elevated. It has been shown 

that the production of CXCL12 in astrocytes was induced by IL-1β and MBP [118], 

Coupled with its property of attracting lymphocytes and macrophages into the CNS, 

CXCL12 was proposed as a neurotoxic molecule by some authors [118,149]. Yet 

recent studies revealed that CXCL12 could exert diverse neuroprotective effects. For 

example, CXCL12 boosted the neuronal repair [150], facilitated the differentiation of 

OPCs [151], converted the Th1 cells into regulatory T cells [152], restrained the 

migration of immune cells from perivascular space into parenchyma [153], implying 

CXCL12 may serve as an anti-inflammatory factor. 

At the cellular level, astrocytes were found to respond to all CNS insults through a 

process commonly termed reactive astrogliosis. Hyperplasia and hypertrophy of 

astrocytes were seen as the typical pathological traits of reactive astrocytes [154]. 

Reactive astrocytes exhibited morphological changes of hypertrophy, with enlarged 

cell nuclei, swollen cytoplasm, and decreased process density [155,156].  

Reactive astrocytes with hypertrophic morphology were present within acute lesions 

and at the margin of subacute lesions [82]. Astrocytes in inactive plaques appeared 

with small somas, nuclei and elongated thin processes, while in the white matter, the 

arrangement of astrocytes seemed in an isomorphic pattern in agreement with prior 

tract architecture [156]. 

Another prominent phenomenon was glial scar formation in the center of chronic 

inactive lesions [157]. At the rim of a lesion where the microenvironment was less 
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disturbed, glial scars were absent [158]. Glial scars mainly consisted of reactive 

astrocytes and chondroitin sulfate proteoglycans expressed by reactive astrocytes. 

Glial scars were believed to have both beneficial and detrimental effects. On the one 

hand, Glial scars with compact tissue reorganization may restrict the spread of 

inflammation [158], on the other hand, glial scars may hinder remyelination as 

chondroitin sulfate proteoglycans in glial scars impaired oligodendrocyte differentiation 

[159]. Moreover, chondroitin sulfate proteoglycans were found to strengthen the 

infiltration of leucocytes in MS [160]. However, a recent study proposed that 

remyelination was not affected by the glial scar formation in EAE models [161]. 

It should be noted that the hypertrophic morphology of reactive astrocytes was based 

on immunostaining for GFAP. The upregulation of GFAP was a prominent feature of 

reactive astrogliosis and had a profound influence on astrocyte activation [162].  

As previously described, two phenotypes of reactive astrocytes were identified, “A1” 

and “A2”. A1 was found to be a neurotoxic phenotype of reactive astrocytes 

characterized by upregulation of complement component C3. The presence of A1 

astrocytes in MS has been identified. A1 reactive astrocytes has been demonstrated 

to intimately  correlate with CD68+ activated microglia/macrophages in MS lesions, 

implying that astrocytes may be a potential drive of MS development [56]. A2 reactive 

astrocytes promoting survival of neurons and synapse repair were induced in an 

ischemic animal model [163]. These astrocytes with distinct functions indicated they 

may exert proinflammatory functions or anti-inflammatory functions in a 

microenvironment dependent manner. Given the temporally and spatially complex 

pathology, these astrocytes with distinct properties may exist in different regions 

simultaneously or appear in the same region during different phases [164].  

6.4 The function of ALDH1L1 in CNS. 

ALDH1L1 is a folate metabolic enzyme. Studies have shown ALDH1L1 may be a 

candidate tumor suppressor as accelerated tumor growth was found in ALDH1L1 

knockout mice [165], and the relation of poor prognosis of tumor patients to low 
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expression of ALDH1L1 was identified [166].  

There were a few studies investigated the expression of ALDH1L1 in the CNS. The 

expression of ALDH1L1 in the spinal cord during its development was reduced, while 

upregulated expression of ALDH1L1 in reactive astrocytes was identified in acute brain 

injury and chronic neurodegenerative diseases [72], including MS [156] and Alzheimer 

disease [167]. In the cuprizone models of MS, Castillo et al. found elevated expression 

levels of ALDH1L1 messenger ribonucleic acid  (mRNA) to the same extent in all brain 

regions and reduced ALDH1L1 mRNA expression levels during the remyelination 

process [168].  

The specific function of ALDH1L1 in the CNS and its influence on CNS diseases 

remain poorly understood. Williams et al. proposed that ALDH1L1 may correlate with 

human neural tube defects as they found the expression of ALDH1L1 was centralized 

to the midline of the neural tube during early murine brain development. Moreover, 

ALDH1L1 was associated with ischemic stroke by a genome-wide Meta-Analysis [169].  
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7. Conclusion 

This study revealed that a proportion of cortical astrocytes reduced the expression of 

ALDH1L1 in a region-dependent manner. In MS, the expression of ALDH1L1 by some 

astrocytes seemed centralized to the somas of astrocytes. In the cuprizone models, 

significant astrogliosis in the medial part of the corpus callosum was found by anti-

ALDH1L1 immunohistochemistry. In summary, these data suggested a dynamic 

regulation of ALDH1L1 in both the healthy and diseased CNS.  

Overall, this study supports ALDH1L1 as a marker used to visualize astrocytes in the 

cortex and white matter. The regional expression loss of ALDH1L1 by astrocytes, the 

underlying mechanism, and potential function alteration need further investigation. 
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11. Appendix 

11.1 Chemicals 

Table 13: List of chemicals  

Chemical Supplier Order number 
Citric acid monohydrate Carl Roth, Germany 1818.1 
Cuprizone Sigma Aldrich, Germany C9012  
DAPI Roth, Germany  6335.1  
DePex Serva 18243.02 
EDTA Roth, Germany  X986.2  
Elite ABC HRP Kit  Vector Laboratories, USA  PK-6101  
Ethanol 96%  Walter CMP, Germany WAL641 6025  
Ethanol 100%  Walter CMP, Germany WAL642 6025  
Formaldehyde 37% Merck, Germany 1.03999.1000  
HCL 37% Merck, Germany  1.00317.1000  
Hematoxylin  Sigma Aldrich, Germany 1092490500 
H2O2 35% Roth, Germany 8070.4  
Ketamine  bela-pharm, Germany Zul.-Nr. 9089.01.00  
Liquid DAB+ Substrate 
Chromogen System 

Agilent Technologies, USA K3468  

NaH2PO4 Merck, Germany 1.06346.1000, 
Na2HPO4 Merck, Germany 1.06580.1000 
sodium chloride (NaCl) Roth, Germany 0962.2  
NaOH Merck, Germany 1.06469.1000  
Normal donkey Serum Abcam, UK ab7475 
Normal goat serum Vector Laboratories, USA  S-1000 
Paraffin Merck, Germany  1.07158.9025  
potassium chloride (KCl) Roth, Germany 6781.2 
Potassium dihydrogen 
phosphate (KH2PO4) 

Roth, Germany P018.2 

TRIS Roth, Germany AE15.2  
Xylazine Bayer, Germany Zul.-Nr. 

6293841.00.00 
Xylene J.T.Baker, USA 8118  
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11.2 Solutions 

Table 14: List of solutions 

Solution Recipe 
ABC-HRP system 2% v/v Reagent A  

2% v/v Reagent B  
96% v/v PBS  

serum Blocking solution  5% v/v normal serum (goat or donkey) 
95% v/v PBS 

Citrate buffer (PH 6.0)  2.3g/L Citric acid monohydrate  
Distilled water 

DAB solution 98% v/v DAB substrate buffer 
2% v/v DAB chromogen 

PBS  (PH 7.4) 8.0g/L NaCl 
0.2/L KCl 
1.68g/L Na2HPO4 
0.27g/L KH2PO4 
Distilled water 

TRIS/EDTA buffer (PH 9.0) 1.21g/L Tris 
0.37g/L EDTA 
Distilled water 
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