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Background: Neuroinflammation has a definitive role in neurodegenerative 
diseases, such as Parkinson’s and Alzheimer’s disease. In addition to its pathoge-
nic ligands, toll-like receptors (TLRs) can be activated by damaged endogenous 
molecules that induce inflammatory signalling pathways such as high-mobility 
group box 1 protein (HMGB1). 
Materials and methods: Using an ex-vivo rat optic nerve (RON) model, we sought 
to determine the effects of lipopolysaccharides (LPS; TLR4 agonist), zymosan (TLR2 
agonist) or HMGB1 — with or without TLR2/4 antagonists, on the expression of 
glial fibrillary acidic protein (GFAP) and nuclear factor kappa B (NF-ҡβ) for signalling 
pathway and astrocyte reactivity, using double immunohistochemistry; as well as 
on the modulation of the neurotoxicity. HMGB1-treated RON had significantly 
higher expression and co-localisation of GFAP and NF-ҡβ as compared to the un-
treated control, which was a similar result to those treated with LPS and zymosan. 
Results: Moreover, the HMGB1-induced inflammation was blocked by TLR2/4 
antagonists (p = 0.05). However, the HMGB1-induced cell death was unblocked 
by TLR antagonists. Overall, HMGB1 endogenously mediates the signalling me-
chanisms of neuroinflammation through TLR2/4. 
Conclusions: Whereas, the neuronal death mechanism resulting from HMGB1 
could be caused by a different signalling pathway. Gaining an understanding of 
these mechanisms may help researchers discover new therapeutic targets for 
neurodegenerative diseases. (Folia Morphol 2018; 78, 1: 10–16)
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INTRODUCTION 
From series studies of the literatures, strong ev-

idence has been established regarding the contri-
bution of an innate immune system in regulating 
neurological functions, whether in health or disease 
[4, 18, 21, 22, 24]. This system recognises invading 

microorganisms using pattern-recognition receptors 
(PRRs) [28]. Toll-like receptors (TLRs) are the most 
commonly studied family of PRRs. TLR expression 
has been shown in various particles found inside 
the central nervous system, including microglia [20], 
astrocytes [7], oligodendrocytes [25], neurons and 
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neuronal progenitor cells [29]. These proteins induce 
the nuclear factor-kappa B (NF-ҡβ) signalling pathway 
[28]. Additionally, astrocytes and microglia induce 
MyD88 and TRIF, thereby creating NF-ҡβ signalling 
pathways throughout the TLR4-mediated pro-inflam-
matory environment [11]. 

Nuclear factor-kappa B is a transcription factor that 
is translocated into the nucleus and that triggers the 
transcription of several genes implicated in immune 
responses, such as the releasing of pro-inflammatory 
cytokines, e.g. tumour necrosis alpha and interleukin-6 
(Il-6) [5]. NF-ҡβ is a centre for regulating inflammation 
in all cellular types within mammal’s bodies, mediated 
by several stimulators, such as viruses, bacterial, matrix 
metalloproteinases, C-reactive protein, chemokines, 
cytokines and adhesion molecules [5]. Its stimulation 
plays a main role in immune responses and cell sur-
viving [5]. The NF-ҡβ is formed from five dissimilar 
subunits including NF-ҡβ1 (p50), RelA (p65), RelB, 
RelC, and NF-ҡβ2 (p52) [3]. The triggered NF-ҡβ sub-
units will gather to form the complexes of the homo- 
or hetero-dimerised transcription factor. According 
to the formed dimer, the cellular function proceeds 
despite neuronal inflammation or neurotoxicity or in 
the presence of neuronal defences [27]. 

When no infection exists, TLRs interact with host-de-
rived endogenous molecules and induce immune re-
sponses [2, 16]. These damage-associated molecular 
pattern molecules (DAMPs) include the high-mobility 
group box 1 protein (HMGB1) [31]. There is substantial 
evidence to support the theory that TLR stimulation 
by endogenous ligands can contribute to pathology 
of neurodegenerative diseases [9, 16]. For example, 
HMGB1 is an endogenous ligand of TLR4-induced 
stimulation of neuroinflammation that occurs after 
brain trauma [15]. HMGB1 is a DNA-binding nuclear 
protein that is widely distributed in all cells of the 
vertebrae. Extra-nuclear HMGB1 is produced from 
inflamed necrotic cells, such as macrophages, and it 
behaves like a pro-inflammatory cytokine [12]. It binds 
with TLR2 and TLR4 [31], as well as with the receptors 
for advanced glycation end product (RAGE) [23], thus 
inducing an NF-ҡβ signalling pathway [5].

We hypothesised that HMGB1 produced by the 
damaged neurons may play a key role in the neu-
roinflammation and neurodegeneration through ac-
tivation of the NF-ҡβ signalling pathway, specifically 
through RelA (p65). Using an ex-vivo rat optic nerve 
(RON) model, we sought to determine the effects of 
TLR2- and TLR4-bacterial ligands as well as HMGB1, an 

endogenous ligand, on stimulation of NF-ҡβ signalling 
from reactive astrocytes. We also aimed to study their 
neurotoxicity on RON and determine if such effects 
can be blocked by their antagonists. 

MATERIALS AND METHODS
Animals

Wistar male rats weighing 250–300 g were sacri-
ficed following the guidelines for animal handling as 
set out by the Biomedical Ethics Research Committee 
(Reference No. 335 l6). An ex-vivo model of RONs 
was performed as described in previously published 
studies [1, 26]. After dissection, RONs were immedi-
ately washed with an oxygen-bubbled artificial cer-
ebrospinal fluid (aCSF) (126 mM NaCl, 3 mM KCl,  
2 mM MgCl2, 2 mM NaH2PO4, 26 mM NaHCO3,  
10 mM glucose, 2 mM CaCl2·4H2O). Then, each nerve 
was immediately placed onto 6-well tissue culture 
plates (SPL Life Sciences) filled with 5 mL of aCSF 
solution per well. 

Optic nerve treatments with TLR2 and TLR4 
agonists with/without their antagonist

After optic nerve dissection and isolation, the 
RONs were separately treated by 1 µg/mL of lipopol-
ysaccharide (LPS) from Escherichia coli (TLR4 ligand) 
(InvivoGen, catalogue number: 13I06-MM), 10 µg/ 
/mL of zymosan from Saccharomyces cerevisiae (TLR2 
ligand) (InvivoGen, catalogue number: 14L17-MM) or 
1 µg/mL of HMGB1, LPS-free (an endogenous TLR2/4 
ligand) (HMGBiotech, catalogue number: HM-120) 
in a 5 mL well of aCSF media or with aCSF alone as 
a control.

For TLR blocking, nerves were blocked by 10 µg/mL 
of LPS from Rhodobacter sphaeroides (TLR4 antag-
onist) (InvivoGen, catalogue number: 15L17-MM) or 
1 µg/mL of anti-TLR2-monoclonal IgG (TLR2 antago-
nist) (InvivoGen, catalogue number: 10C05-MM) for 
at least 10 min before adding the TLR agonists (LPS, 
zymosan or HMGB1). 

All treated RONs were incubated in an oxygenated 
incubator of 95% O2 and 5% CO2 at 37oC for 60 and 
120 min. Immediately after the experiment, RONs were 
fixed by 4% paraformaldehyde/0.1 M phosphate buffer 
solution (PBS) for 1 h at room temperature and then 
rapidly frozen in Tissue Tec (Sakura) and kept at –80oC.

Immunohistochemistry

Rat optic nerves were sliced by cryostat at 15 µm 
thickness. Then, slides were blocked by 0.1 PBS, 



12

Folia Morphol., 2019, Vol. 78, No. 1

10% goat serum and 0.5% Triton (PBST) for 1 h 
at room temperature. Primary antibodies, namely: 
anti-glial fibrillary acidic protein (GFAP) (BioLegend,  
clone number: MCA-5C10) and anti-NF-ҡβ p65  
(BioLegend, clone number: poly6226) were added at  
a concentration of 1:100 for both antibodies and 
kept overnight at 4oC. After several washes with 
PBST, a mix of secondary antibodies (Alexa Fluor 
488-Goat anti-mouse IgG [Abcam, clone number: 
ab150117] and Alexa Fluor 594-Goat anti-rabbit IgG 
[Abcam, clone number: ab150080]) at a concentra-
tion of 1:1000 were added for 2 h. After incubation, 
immunostained slides were washed several times in 
PBST and 0.1 M PBS, and finally placed in mount-
ing media and covered by a coverslip. Images were 
captured using a fluorescence microscope (Olympus 
BX51, Japan), three to five randomly selected area 
on each immunostained slide from RONs (treated 
or un-treated; n = 6) were used for analysis with  
a double-blind producer. 

Image J software was used to calculate the mean 
fluorescence intensity (MFI) of GFAP conjugated to 
Alexa Fluor 488 (green) and NF-ҡβ conjugated to 
Alexa Fluor 594 (red). Co-localisation analysis was 
conducted for both GFAP and NF-ҡβ images using 
Coloc 2 plugins for Image J. The rate of co-expres-
sion was interpreted using the Costes method and 
Pearson’s correlation coefficient.

Dead cell counts

Ethidium bromide is a fluorometric labelling of 
deformation in cell biology that stains the nucleic 
acid of dead cells but is unable to stain the undam-
aged living cells [14, 26]. The sections of RONs, 
which were treated by TLR2 and TLR4 agonists and 
antagonists were stained by ethidium bromide 
(LOBA Chemie, catalogue number: 03715) with  
a dilution of 1:500, were prepared from 10 mg/mL 
stock solution and incubated at room temperature 
for 10 min. Then, these slides were rinsed with PBS 
3 times, mounted and enclosed with a coverslip. 
Images were captured by a fluorescence microscope 
(Olympus BX51, Japan). 

Image J was used blindly to count the number 
of dead cells (NDC) for all nerves. To calculate the 
ratio (%) of dead cells, the NDC of the RONs sections 
treated with LPS, zymosan, HMGB1, LPS with TLR4 
antagonist, zymosan with TLR2 antagonist, HMGB1 
with TLR4 or TLR2 antagonists were divided over the 
NDC of the untreated nerve. 

Statistical analysis 

Graph-Pad Prism software version 7.0 was used to 
analyse the data of MFI for GFAP and NF-ҡβ, as well 
as for the ratio (%) of dead cells. One-way analysis 
of variance (ANOVA; Bonferroni test) was utilised to 
compare the variances between the untreated and 
the treated RONs with different TLR agonists and 
antagonists. P values < 0.05 were considered signif-
icantly different. 

RESULTS 
HMGB1 induces astrocytes reactivity 

We aimed to determine the effects of TLR lig-
ands on the expression levels of GFAP and NF-ҡβ for 
astrocyte reactivity and whether the inflammation 
was specifically co-localised into astrocytes (Fig. 1). 
Immunohistochemical analysis revealed that the rate 
of the co-localisation was higher with LPS (TLR4 ag-
onist, 46%) and did not differ with the zymosan 
(TLR2 agonist, 33%) as compared to the untreated 
RON (33%). Surprisingly, the rate of co-localisation 
was highest after HMGB1 stimulation (91%) and was 
reversed by TLR2 (39%) and TLR4 (41%) antagonists. 
All images demonstrated a significant correlation with 
a Costes test of p value = 1. Moreover, the Pearson’s 
image correlation coefficient was r > 0.5 for all nerves 
treated with TLR ligands. 

HMGB1 augments the inflammation  
via TLR signalling

Although the ratio of co-localisation demonstrat-
ed an astrocytic reaction after TLR ligand treatment, 
we asked if there is a difference between TLR agonists 
and their antagonists. After RON was dissected and 
isolated, the nerves were exposed to LPS, zymosan, 
HMGB1, LPS with TLR4 antagonists, zymosan with 
TLR2 antagonist, HMGB1 either with TLR4 or TLR2 an-
tagonists, or with aCSF alone as an untreated control, 
and they were incubated for 60 or 120 min. Then, the 
immunofluorescence intensities for GFAB and NF-ҡβ 
were measured for untreated and TLR ligand-treated 
nerves, as shown in Figure 2. 

High-mobility group box 1 protein significant-
ly increased expression of both GFAB and NF-kb  
(p = 0.05), like LPS and zymosan (p = 0.01), as com-
pared to the untreated control. Furthermore, this 
augmentation was blocked by both TLR2 and TLR4 an-
tagonists (p = 0.05). These data confirm that HMGB1 
augment the inflammation from astrocytes through 
TLR signalling.
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Figure 2. High-mobility group box 1 protein (HMGB1) induces the expression of inflammation. Representative images of double immunostaining 
by glial fibrillary acidic protein (GFAP; green) and nuclear factor kappa B (NF-ҡB; red) for rat optic nerve (RON) induced by toll-like receptors (TLRs) 
agonist or blocked by TLRs antagonist; A, B. Fluorescence intensity levels of GFAP; C, D. Fluorescence intensity levels of NF-ҡβ, expressed by RONs 
in response to lipopolysaccharides (LPS; TLR4 agonist), zymosan (ZYM) (TLR2 agonist) and HMGB1 with or without TLR2 and TLR4 antagonists, 
either after 60 or 120 min of incubation. Comparisons were assessed between untreated versus treated RON: *p < 0.05; **p < 0.01; or agonist 
versus antagonists: ^p < 0.05, ^^p < 0.01. Values were shown as mean ± SEM. Statistical significance was determined by ANOVA (n = 6).

Figure 1. Co-localisation of reactive astrocytes from rat optic nerve (RON). Representative images of double immunostaining by glial fibrillary 
acidic protein (GFAP; green) and nuclear factor kappa B (NF-ҡB; red) for RON treated with toll-like receptor agonist. Image J was used for 
co-localisation (merge, magenta right panels) analysis and was determined by the Costes method, for which a P value of 1 indicates 100% 
statistical confidence. Pearson’s image correlation coefficient (r) is also represented; LPS — lipopolysacharide; TLR — toll-like receptor;  
HMGB1 — high-mobility group box 1

HMGB1 facilitates neurodegeneration 

We also explored if the nerves were inflamed by 
HMGB1 and if other TLR agonists had some neuro-
degenerative tendency. Particularly, a histology of 

the HMGB1-treated nerve demonstrated extensive 
atrophic and necrotic changes (Fig. 3). Thus, we ex-
amined the number of dead cells after staining with 
ethidium bromide. The ratio of dead cells was signifi-

Treatments Untreated LPS LPS + TLR4 
antagonist Zymosan Zymosan + TLR2 

antagonist HMGB1 HMGB1 + TLR4 
antagonist

HMGB1 + TLR4 
antagonist

Rate of 
colocalisation

33% 46% 34% 33% 32% 91% 41% 39%

r = 0.34 r = 0.79 r = 0.75  r = 0.83 r = 0.59 r = 0.83 r = 0.61 p = 0.89

NF-ҡβ

N
F-
ҡβ
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cantly higher with LPS (p = 0.01), zymosan (p = 0.01) 
and HMGB1 (p = 0.05) treatment when compared to 
untreated healthy nerves; after 120 min, but not after 
60 min except for LPS (p = 0.01). Although, the TLR 
antagonists inhibited the LPS- and zymosan-induced 
nerve death, the HMGB1-induced nerve death was 
not reversed by TLR antagonists. 

DISCUSSION 
The presence of HMGB1 is considered to be a risk 

factor for memory impairment, chronic neurodegen-
eration and advanced progression of neuroinflam-
mation [6, 9, 13, 16, 19]. Additionally, the DAMP 
molecule for TLR4 is known to induce sterile neu-
roinflammation [6, 16]. Nevertheless, no study has 
been done to investigate the astroglial inflammatory 
mechanisms resulting from the ligation of HMGB1 
to TLR4 and TLR2 via mediating signalling pathways, 
such as the NF-ҡβ [27]. The results of the current 
study demonstrated that ex-vivo nerves treated with 
HMGB1 have higher expression and co-localisation 
of GFAP and NF-ҡβ as compared to the untreated 
control. Moreover, the HMGB1-induced inflammation 
was inhibited by blocking TLR activity. 

Previously, a Georgia team used different research 
methodologies, including an animal model, human 
CSF and tissue cultures from patients after being 
exposed to traumatic brain injury (TBI), to clarify the 
multifaceted role of HMGB1-TLR4 ligation in pro-

moting neurovascular impairment [15]. They found 
that TLR4 and HMGB1 were highly co-expressed 
post-trauma in a patient’s CSF and exuberated neu-
roinflammatory responses through releasing IL-6 and 
activation of the aquaporin-4, an astrocytic water 
channel [15]. Another study supporting this notion 
demonstrated that elevated levels of HMGB1 in the 
brain induce memory impairment and that this could 
be mediated by TLR4 on a knockout RAGE model [19]. 
Unfortunately, despite their utilisation of animal and 
human tissue cultures, they were not able to identify 
the exact intracellular signalling pathways that lead to 
releasing IL-6 such as NF-ҡβ. Our functional study of 
an ex-vivo model shows that HMGB1 could activate 
astrocytes via TLR4 through NF-ҡβ signalling, support-
ing previous reports that suggest the co-localisation 
and correlation of both TLR4 and HMGB1. 

However, the results of the present study showed 
that the HMGB1-induced cell death was not reversed 
by TLR2 or TLR4 antagonists. There is considerable 
evidence to support the theory that trauma of the 
brain and spinal cord may cause abundant HMGB1 
accumulation [10, 13, 15]. HMGB1, an endogenous 
ligand for TLR4, may cause stimulation of innate im-
munity after trauma [15], but another mechanism, 
such as RAGE, may lead to neuronal damage and 
death [10]. This concept is consistent with a report 
which demonstrated that post-trauma, HMGB1 and 
RAGE are highly co-expressed in both rat and human 

Figure 3. High-mobility group box 1 protein (HMGB1) modulates nerve death and atrophy. Microscopic histological features of rat optic nerves 
(H&E stain) of a healthy untreated nerve and a dead nerve treated with HMGB1 (top panels). Ethidium bromide staining to detect the number 
of dead cells (bottom panels). Graphic representation of the dead cells ratio (%) of lipopolysaccharides (LPS), zymosan (ZYM), HMGB1, LPS 
with TLR4 antagonist, zymosan with TLR2 antagonist, HMGB1 with TLR4/TLR2 antagonist. Comparisons were assessed between untreated 
versus treated rat optic nerve: *p < 0.05, **p < 0.01; or agonist versus antagonists: ^p < 0.05. Values were demonstrated as mean ± SEM. 
Statistical significance was determined ANOVA (n = 6); TLR — toll-like receptor.
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brains [10]. Thus, the accumulated traumatic HMGB1 
could contribute to the pathology of neurodegen-
erative diseases through different mechanism other 
than TLR signalling. 

Furthermore, the NF-ҡβ dimer has diversity in its 
function that could promote neuroprotection, neu-
roinflammation or neurotoxicity [27]. The inhibition of 
NF-ҡβ to astrocytes reduces the chemokine expression 
and leukocyte infiltration into the injured spinal cord 
[8]. Altogether, this means stimulation of NF-ҡβ p65 
through TLR4 will induce inflammation while another 
diversion via RAGE may lead to neuronal degenera-
tion and/or differentiation [30]. Further exploration of 
these signalling pathways will clarify the therapeutic 
approaches that might act to block HMGB1. Actually, 
a recent study reported that HMGB1 inhibition in the 
in-vivo model of TBI showed plummeting of cerebral 
leukocyte recruitments and brain oedema, similar to 
effects of enoxaparin on neurologic recovery [17]. How-
ever, this study has a major limitation in that the sci-
entists did not demonstrate which signalling pathway 
was used by enoxaparin as a target against HMGB1.

CONCLUSIONS
The result of the current study showed that 

HMGB1 activated NF-ҡβ signalling into reactive as-
trocytes, and this was inhibited by TLR4 and TLR2 
antagonists, a result similar to LPS and zymosan lig-
ands of TLR4 and TLR2, respectively. However, further 
work is needed to study the cause of the neuronal 
degeneration resulting from HMGB1. How HMGB1 
modulates neuronal atrophy and death and whether 
this damage is mediated by the RAGE receptor or 
other receptors remain to be determined. Overall, 
HMGB1 is a dangerous molecule for astrocytes that 
will lead to their activation and inflammation and 
subsequent neurotoxicity. Gaining an understand-
ing of these cellular functions may help researchers 
discover therapeutic targets for neurodegenerative 
diseases.

Acknowledgements

The authors thank Aziza Rashed Al-Rafiah (as-
sistant professor of histopathology at the Medical 
Laboratory Technology Department, King Abdulaziz 
University) and Fatima Alsaqaf for technical support 
during experimental work.

Funding

This project was funded by the Deanship of Sci-
entific Research (DSR), at King Abdulaziz University, 

Jeddah, under grant no. G-447-248-37. The authors, 
therefore, acknowledge with thanks DSR for technical 
and financial support. 

REFERENCES
1.	 Alghamdi B, Fern R. Phenotype overlap in glial cell popula-

tions: astroglia, oligodendroglia and NG-2(+) cells. Front 
Neuroanat. 2015; 9: 49, doi: 10.3389/fnana.2015.00049, 
indexed in Pubmed: 26106302.

2.	 Al-ofi E, Coffelt SB, Anumba DO. Fibrinogen, an endog-
enous ligand of Toll-like receptor 4, activates monocytes 
in pre-eclamptic patients. J Reprod Immunol. 2014; 
103: 23–28, doi:  10.1016/j.jri.2014.02.004, indexed in 
Pubmed: 24661950.

3.	 Anest V, Hanson JL, Cogswell PC, et al. A nucleosomal 
function for IkappaB kinase-alpha in NF-kappaB-de-
pendent gene expression. Nature. 2003; 423(6940): 
659–663, doi:  10.1038/nature01648, indexed in Pu-
bmed: 12789343.

4.	 Aravalli RN, Peterson PK, Lokensgard JR. Toll-like re-
ceptors in defense and damage of the central nerv-
ous system. J Neuroimmune Pharmacol. 2007; 2(4): 
297–312, doi:  10.1007/s11481-007-9071-5, indexed in 
Pubmed: 18040848.

5.	 Baeuerle PA, Henkel T. Function and activation of NF-kappa B  
in the immune system. Annu Rev Immunol. 1994; 12: 
141–179, doi:  10.1146/annurev.iy.12.040194.001041, 
indexed in Pubmed: 8011280.

6.	 Banjara M, Ghosh C. Sterile neuroinflammation and 
strategies for therapeutic intervention. Int J Inflam. 2017; 
2017: 8385961, doi: 10.1155/2017/8385961, indexed in 
Pubmed: 28127491.

7.	 Bowman CC, Rasley A, Tranguch SL, et al. Cultured astro-
cytes express toll-like receptors for bacterial products. Glia. 
2003; 43(3): 281–291, doi: 10.1002/glia.10256, indexed 
in Pubmed: 12898707.

8.	 Brambilla R, Bracchi-Ricard V, Hu WH, et al. Inhibition of 
astroglial nuclear factor kappaB reduces inflammation and 
improves functional recovery after spinal cord injury. J Exp 
Med. 2005; 202(1): 145–156, doi: 10.1084/jem.20041918, 
indexed in Pubmed: 15998793.

9.	 Fang P, Schachner M, Shen YQ. HMGB1 in development 
and diseases of the central nervous system. Mol Neurobiol. 
2012; 45(3): 499–506, doi: 10.1007/s12035-012-8264-y, 
indexed in Pubmed: 22580958.

10.	Gao TL, Yuan XT, Yang D, et al. Expression of HMGB1 and 
RAGE in rat and human brains after traumatic brain injury.  
J Trauma Acute Care Surg. 2012; 72(3): 643–649, doi: 10.1097/
TA.0b013e31823c54a6, indexed in Pubmed: 22491548.

11.	Gorina R, Font-Nieves M, Márquez-Kisinousky L, et al. 
Astrocyte TLR4 activation induces a proinflammatory 
environment through the interplay between MyD88-de-
pendent NFκB signaling, MAPK, and Jak1/Stat1 pathways. 
Glia. 2011; 59(2): 242–255, doi:  10.1002/glia.21094, 
indexed in Pubmed: 21125645.

12.	Huang W, Tang Y, Li L. HMGB1, a potent proinflammatory 
cytokine in sepsis. Cytokine. 2010; 51(2): 119–126, doi: 
10.1016/j.cyto.2010.02.021, indexed in Pubmed: 20347329.

13.	Kang R, Chen R, Zhang Q, et al. HMGB1 in health and dis-
ease. Mol Aspects Med. 2014; 40: 1–116, doi: 10.1016/j.
mam.2014.05.001, indexed in Pubmed: 25010388.

http://dx.doi.org/10.3389/fnana.2015.00049
https://www.ncbi.nlm.nih.gov/pubmed/26106302
http://dx.doi.org/10.1016/j.jri.2014.02.004
https://www.ncbi.nlm.nih.gov/pubmed/24661950
http://dx.doi.org/10.1038/nature01648
https://www.ncbi.nlm.nih.gov/pubmed/12789343
http://dx.doi.org/10.1007/s11481-007-9071-5
https://www.ncbi.nlm.nih.gov/pubmed/18040848
http://dx.doi.org/10.1146/annurev.iy.12.040194.001041
https://www.ncbi.nlm.nih.gov/pubmed/8011280
http://dx.doi.org/10.1155/2017/8385961
https://www.ncbi.nlm.nih.gov/pubmed/28127491
http://dx.doi.org/10.1002/glia.10256
https://www.ncbi.nlm.nih.gov/pubmed/12898707
http://dx.doi.org/10.1084/jem.20041918
https://www.ncbi.nlm.nih.gov/pubmed/15998793
http://dx.doi.org/10.1007/s12035-012-8264-y
https://www.ncbi.nlm.nih.gov/pubmed/22580958
http://dx.doi.org/10.1097/TA.0b013e31823c54a6
http://dx.doi.org/10.1097/TA.0b013e31823c54a6
https://www.ncbi.nlm.nih.gov/pubmed/22491548
http://dx.doi.org/10.1002/glia.21094
https://www.ncbi.nlm.nih.gov/pubmed/21125645
http://dx.doi.org/10.1016/j.cyto.2010.02.021
https://www.ncbi.nlm.nih.gov/pubmed/20347329
http://dx.doi.org/10.1016/j.mam.2014.05.001
http://dx.doi.org/10.1016/j.mam.2014.05.001
https://www.ncbi.nlm.nih.gov/pubmed/25010388


16

Folia Morphol., 2019, Vol. 78, No. 1

14.	Kasibhatla S, Amarante-Mendes GP, Finucane D, et al. Acri-
dine Orange/Ethidium Bromide (AO/EB) Staining to Detect 
Apoptosis. CSH Protoc. 2006; 2006(3), doi: 10.1101/pdb.
prot4493, indexed in Pubmed: 22485874.

15.	Laird MD, Shields JS, Sukumari-Ramesh S, et al. High mo-
bility group box protein-1 promotes cerebral edema after 
traumatic brain injury via activation of toll-like receptor 4. 
Glia. 2014; 62(1): 26–38, doi: 10.1002/glia.22581, indexed 
in Pubmed: 24166800.

16.	Land WG. The Role of Damage-Associated Molecular 
Patterns (DAMPs) in Human Diseases: Part II: DAMPs as 
diagnostics, prognostics and therapeutics in clinical medi-
cine. Sultan Qaboos Univ Med J. 2015; 15(2): e157–e170, 
indexed in Pubmed: 26052447.

17.	Li S, Eisenstadt R, Kumasaka K, et al. Does enoxaparin inter-
fere with HMGB1 signaling after TBI? A potential mechanism 
for reduced cerebral edema and neurologic recovery. J Trau-
ma Acute Care Surg. 2016; 80(3): 381–387, doi: 10.1097/
TA.0000000000000935, indexed in Pubmed: 26670109.

18.	Mayo L, Quintana FJ, Weiner HL. The innate immune sys-
tem in demyelinating disease. Immunol Rev. 2012; 248(1): 
170–187, doi: 10.1111/j.1600-065X.2012.01135.x, in-
dexed in Pubmed: 22725961.

19.	Mazarati A, Maroso M, Iori V, et al. High-mobility group 
box-1 impairs memory in mice through both toll-like 
receptor 4 and Receptor for Advanced Glycation End Prod-
ucts. Exp Neurol. 2011; 232(2): 143–148, doi: 10.1016/j.
expneurol.2011.08.012, indexed in Pubmed: 21884699.

20.	Olson JK, Miller SD. Microglia initiate central nervous 
system innate and adaptive immune responses through 
multiple TLRs. J Immunol. 2004; 173(6): 3916–3924, 
indexed in Pubmed: 15356140.

21.	Pavlov VA, Tracey KJ. Neural regulators of innate immune 
responses and inflammation. Cell Mol Life Sci. 2004; 
61(18): 2322–2331, doi:  10.1007/s00018-004-4102-3, 
indexed in Pubmed: 15378203.

22.	Peruzzotti-Jametti L, Donegá M, Giusto E, et al. The role of the 
immune system in central nervous system plasticity after acute 
injury. Neuroscience. 2014; 283: 210–221, doi: 10.1016/j.
neuroscience.2014.04.036, indexed in Pubmed: 24785677.

23.	Ramasamy R, Yan SF, Herold K, et al. Receptor for advanced 
glycation end products: fundamental roles in the inflam-
matory response: winding the way to the pathogenesis of 
endothelial dysfunction and atherosclerosis. Ann N Y Acad 
Sci. 2008; 1126: 7–13, doi:  10.1196/annals.1433.056, 
indexed in Pubmed: 18448789.

24.	Rivest S. Regulation of innate immune responses in 
the brain. Nat Rev Immunol. 2009; 9(6): 429–439, 
doi: 10.1038/nri2565, indexed in Pubmed: 19461673.

25.	Schonberg DL, Popovich PG, McTigue DM. Oligodendro-
cyte generation is differentially influenced by toll-like re-
ceptor (TLR) 2 and TLR4-mediated intraspinal macrophage 
activation. J Neuropathol Exp Neurol. 2007; 66(12): 
1124–1135, doi: 10.1097/nen.0b013e31815c2530, in-
dexed in Pubmed: 18090921.

26.	Sherwin C, Fern R. Acute lipopolysaccharide-mediated 
injury in neonatal white matter glia: role of TNF-alpha, 
IL-1beta, and calcium. J Immunol. 2005; 175(1): 155–161, 
indexed in Pubmed: 15972642.

27.	Shih RH, Wang CY, Yang CM. NF-kappaB Signaling 
Pathways in Neurological Inflammation: A Mini Re-
view. Front Mol Neurosci. 2015; 8: 77, doi:  10.3389/
fnmol.2015.00077, indexed in Pubmed: 26733801.

28.	Takeda K, Akira S. Toll-like receptors in innate immunity. 
International immunology. 2005; 17(1): 1–14.

29.	Tang SC, Arumugam TV, Xu X, et al. Pivotal role for neu-
ronal Toll-like receptors in ischemic brain injury and func-
tional deficits. Proc Natl Acad Sci U S A. 2007; 104(34): 
13798–13803, doi: 10.1073/pnas.0702553104, indexed 
in Pubmed: 17693552.

30.	Wang H, Mei X, Cao Y, et al. HMGB1/Advanced Glyca-
tion End Products (RAGE) does not aggravate inflam-
mation but promote endogenous neural stem cells 
differentiation in spinal cord injury. Sci Rep. 2017; 7(1): 
10332, doi:  10.1038/s41598-017-10611-8, indexed in 
Pubmed: 28871209.

31.	Yu M, Wang H, Ding A, et al. HMGB1 signals through 
toll-like receptor (TLR) 4 and TLR2. Shock. 2006; 26(2): 
174–179, doi:  10.1097/01.shk.0000225404.51320.82, 
indexed in Pubmed: 16878026.

http://dx.doi.org/10.1101/pdb.prot4493
http://dx.doi.org/10.1101/pdb.prot4493
https://www.ncbi.nlm.nih.gov/pubmed/22485874
http://dx.doi.org/10.1002/glia.22581
https://www.ncbi.nlm.nih.gov/pubmed/24166800
https://www.ncbi.nlm.nih.gov/pubmed/26052447
http://dx.doi.org/10.1097/TA.0000000000000935
http://dx.doi.org/10.1097/TA.0000000000000935
https://www.ncbi.nlm.nih.gov/pubmed/26670109
http://dx.doi.org/10.1111/j.1600-065X.2012.01135.x
https://www.ncbi.nlm.nih.gov/pubmed/22725961
http://dx.doi.org/10.1016/j.expneurol.2011.08.012
http://dx.doi.org/10.1016/j.expneurol.2011.08.012
https://www.ncbi.nlm.nih.gov/pubmed/21884699
https://www.ncbi.nlm.nih.gov/pubmed/15356140
http://dx.doi.org/10.1007/s00018-004-4102-3
https://www.ncbi.nlm.nih.gov/pubmed/15378203
http://dx.doi.org/10.1016/j.neuroscience.2014.04.036
http://dx.doi.org/10.1016/j.neuroscience.2014.04.036
https://www.ncbi.nlm.nih.gov/pubmed/24785677
http://dx.doi.org/10.1196/annals.1433.056
https://www.ncbi.nlm.nih.gov/pubmed/18448789
http://dx.doi.org/10.1038/nri2565
https://www.ncbi.nlm.nih.gov/pubmed/19461673
http://dx.doi.org/10.1097/nen.0b013e31815c2530
https://www.ncbi.nlm.nih.gov/pubmed/18090921
https://www.ncbi.nlm.nih.gov/pubmed/15972642
http://dx.doi.org/10.3389/fnmol.2015.00077
http://dx.doi.org/10.3389/fnmol.2015.00077
https://www.ncbi.nlm.nih.gov/pubmed/26733801
http://dx.doi.org/10.1073/pnas.0702553104
https://www.ncbi.nlm.nih.gov/pubmed/17693552
http://dx.doi.org/10.1038/s41598-017-10611-8
https://www.ncbi.nlm.nih.gov/pubmed/28871209
http://dx.doi.org/10.1097/01.shk.0000225404.51320.82
https://www.ncbi.nlm.nih.gov/pubmed/16878026

