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 38 
Abstract 39 
 40 
Introduction 41 

Traumatic brain injury (TBI) is amongst the leading causes of morbidity and mortality 42 

worldwide. Despite evidence of neurogenesis post-TBI, survival and integration of newborn 43 

neurons remains impaired. High Mobility Group Box protein 1 (HMGB1) is an ‘alarmin’ 44 

released hyper-acutely following TBI and implicated in hosting the neuro-inflammatory 45 

response to injury. It is also instrumental in mediating neurogenesis under physiological 46 

conditions. Given its dual role in mediating neuro-inflammation and neurogenesis, it serves 47 

as a promising putative target for therapeutic modulation. In this review, we discuss 48 

neurogenesis post-TBI, neuro-pharmacological aspects of HMGB1, and its potential as a 49 

therapeutic target.  50 

 51 

Methods 52 

PubMed database was searched with varying combinations of the following search terms: 53 

HMGB1, isoforms, neurogenesis, traumatic brain injury, Toll-like receptor (TLR), receptor for 54 

advanced glycation end-products (RAGE).  55 

 56 

Results 57 

Several in vitro and in vivo studies demonstrate evidence of neurogenesis post-injury. The 58 

HMGB1-RAGE axis mediates neurogenesis throughout development, whilst interaction with 59 

TLR-4 promotes the innate immune response. Studies in the context of injury demonstrate 60 

that these receptor effects are not mutually exclusive. Despite recognition of different 61 

HMGB1 isoforms based on redox/ acetylation status, effects on neurogenesis post-injury 62 

remain unexplored. Recent animal in vivo studies examining HMGB1 antagonism post-TBI 63 

demonstrate predominantly positive results, but specific effects on neurogenesis and 64 

longer-term outcomes remain unclear.  65 

 66 

Conclusion 67 

HMGB1 is a promising therapeutic target but its effects on neurogenesis post-TBI remains 68 

unclear. Given the failure of several pharmacological strategies to improve outcomes 69 



following TBI, accurate delineation of HMGB1 signalling pathways and effects on post-injury 70 

neurogenesis are vital.  71 

 72 
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 74 
 75 

1. Introduction 76 

 77 

Traumatic brain injury (TBI) is a global public health problem, causing significant mortality 78 

and morbidity worldwide [1]. Despite improvements in mortality rates achieved by ongoing 79 

advancements in healthcare, many survivors of TBI suffer with longstanding neuro-cognitive 80 

deficits that heavily impair their ability to function independently [2-7]. There is an unmet 81 

need for therapeutic interventions given that several pharmacological approaches to 82 

improve outcomes have remained unsuccessful to date [8]. Despite extensive neuronal 83 

death following TBI, there is evidence of an endogenous host response to promote neural 84 

regeneration [9]. Evidence from both animal models and human post-mortem studies of TBI 85 

demonstrate neural stem/ progenitor cells (NSPCs) at the site of cortical injury [10, 11], 86 

contesting the traditional hypothesis that neurogenesis is limited to particular regions of the 87 

brain, such as the subventricular and subgranular zones.  However, more recent evidence 88 

demonstrates that immature newborn neurons generated following TBI do not survive and 89 

re-integrate into the injured brain [9], which may explain the lack of meaningful recovery 90 

seen in these patients.  91 

 92 

From a pathophysiological perspective, TBI is characterised by a protracted neuro-93 

inflammatory response to injury culminating in widespread neuronal death [12]. High 94 

Mobility Group Box protein 1 (HMGB1) is amongst the earliest pro-inflammatory cytokines 95 

released following injury, acting as the ‘master-switch’ of neuroinflammation [13]. Under 96 

physiological conditions, HMGB1 is a highly conserved, non-histone, DNA binding protein 97 

located in the nucleus, and involved in co-ordination of gene transcription [14]. Following 98 

injury, however, it functions as a damage-associated molecular protein (DAMP). It is 99 

released extracellularly by necrotic neurons and other immune cells recruited to the injury 100 

site before it binds to respective target receptors to upregulate the release of other pro-101 



inflammatory cytokines including HMGB1 [15, 16]. Perpetuation of this positive feedback 102 

cycle could play a key role in the deleterious consequences of TBI. Understanding the 103 

complex relationship between neuro-inflammation, neurogenesis, and the post-injury 104 

microenvironment is vital to developing therapeutic strategies to enhance recovery post-105 

TBI. This is of relevance to approaches targeting both endogenous neurogenesis and 106 

exogenous transplantation of stem cells, as both are heavily reliant on a permissive micro-107 

environment post-injury. Therefore, in this review, we discuss: (i) current perspectives on 108 

neurogenesis following TBI; (ii) the role of HMGB1 under physiological conditions and post-109 

injury; and (iii) therapeutic strategies targeting HMGB1 for enhancing recovery post-TBI.  110 

 111 

2. Neurogenesis after Traumatic Brain Injury 112 

 113 

Neurogenesis is a tightly regulated process, entailing the generation of mature functional 114 

neurons from NSPCs (for review, see [17]). Conventionally, neurogenesis was thought to be 115 

confined to specific neurogenic niches, namely the subventricular zone (SVZ) of the lateral 116 

ventricles and the subgranular zone (SGZ) of the dentate gyrus within the hippocampus 117 

(Figure 1). Hence, early studies explored the neurogenic response of the hippocampus and 118 

SVZ in different animal models of TBI (Table 1). In their seminal study, Tzeng & Wu (1999) 119 

[18] demonstrated the presence of BrdU+ cells within the SVZ of adult rats subjected to 120 

cortical stab injury, which was maximal at 24-48 hours post injury.  Whilst there was no 121 

evidence of comparison to control, nor co-immunolabelling to identify the cellular subtype 122 

of BrdU+ cells, this provided an early indication of the existence of neuro-proliferation post-123 

injury. This was subsequently elaborated upon with a controlled cortical impact (CCI) injury 124 

model in adult rats, demonstrating that injured animals had significantly greater numbers of 125 

BrdU+ cells in the ipsilateral dentate gyrus when compared with sham animals [19]. This was 126 

maximal at 72 hours post injury, and settled to control levels by 2 weeks.  Importantly, co-127 

localisation with TOAD-64, an immature neuronal marker, at earlier time points and 128 

calbindin, a mature neuronal marker, at later time points verified the neurogenic response 129 

to injury. Similar findings were corroborated by later studies. One study demonstrated cell 130 

proliferation in the adult rat SVZ following fluid percussion injury (FPI), comprising 131 

predominantly of immature astrocytes and microglia/ macrophages at 48 hours post injury, 132 

using 3H-thymidine [20]. Another study demonstrated evidence of nestin, an NSPC marker, 133 



colocalization with BrdU at 7 days post injury, and calbindin colocalization with BrdU+ cells 134 

at 60 days post injury in the granule cell layer of the dentate gyrus in a CCI model in mice; 135 

indicating longer term integration of newborn neurons [21]. Another study isolated adult rat 136 

SVZ/ hippocampus tissue at different time points following FPI, grew them in tissue culture 137 

media for 24 hours, and used flow cytometry to demonstrate a significant increase in cells 138 

double-labelled for nestin and ßIII-tubulin at 10 days following FPI [22]. This further 139 

emphasises the potential of newly generated NSPCs to generate neurons post-TBI, when 140 

isolated from the post-injury micro-environment.  141 

 142 

Whilst these studies demonstrated an early neurogenic response within the SVZ/ 143 

hippocampus following TBI, subsequent interest was directed towards cortical neurogenesis 144 

considering the large amount of neuronal death in this area. Braun et al. [11] used cortical 145 

contusional trauma in adult rats to demonstrate elevated expression of ßIII-tubulin 146 

expressing cells around and within the site of cortical injury at 7 days post injury, indicating 147 

that neurogenesis is not confined to the SVZ/ hippocampus following injury. Subsequent 148 

studies [23] demonstrated that isolating tissue from the site of cortical injury in adult rats 149 

could be used to grow neurospheres in vitro, which were capable of generating neurons 150 

(Tuj1+ cells), astrocytes (GFAP+ cells), and oligodendrocytes (O4+ cells). However, this was 151 

only possible when tissue was extracted at 72 hours post injury, but not 24 hours or 7 days, 152 

in agreement with hippocampal counterparty studies demonstrating maximal neuro-153 

proliferative potential at this time point [19]. Whether cortical NSPC post-injury arise from 154 

the cerebral cortex or migrate from conventional neurogenic niche, or both, remains 155 

unclear. An early study administered BrdU intraperitoneally and labelled SVZ cells with 156 

fluorescent microspheres in a mouse model of CCI to examine proliferation and migration of 157 

NSPC post injury respectively [24]. Following injection of fluorescent microspheres into the 158 

lateral ventricle prior to CCI, migrating cells were examined for BrdU and doublecortin 159 

colocalization with immunohistochemistry. Interestingly, migrating BrdU+ cells were 160 

identified throughout the corpus callosum and subcortical regions at 3 days post injury and 161 

a significant number of migrating doublecortin+ cells were identified at the cortical site of 162 

injury, compared with no evidence of doublecortin+ cells in the cortex of control animals. 163 

This indicates a neuro-proliferative response of NSPCs originating from the SVZ post-TBI, 164 

which then migrate to the site of cortical injury. A more recent study, however, 165 



demonstrated the activation of quiescent multipotent NSPCs residing within the cortex 166 

post-injury, using an in vitro organotypic stretch injury model with adult mouse cortico-167 

hippocampal slice cultures [25]. First, by growing neurospheres from mouse cortex and 168 

hippocampus at different postnatal days (PD), it was shown that cortical NSPC proliferative 169 

capacity was lost by PD15 in contrast to hippocampus. Mouse cortico-hippocampal cultures 170 

were generated from PD8 mice, subjected to stretch injury after 4 days in vitro, and 171 

neurospheres generated from cortex and hippocampus separately after 7 days in vitro. 172 

Interestingly, following injury, proliferative capacity of cortical NSPC was restored, and 173 

neurospheres were capable of differentiating into neurons (ßIII-tubulin+ cells), astrocytes 174 

(GFAP+ cells), and oligodendrocytes (O4+ cells). Regardless of the origin of cortical NSPCs 175 

following TBI, they are capable of generating neurons when isolated from the post-injury 176 

microenvironment and grown in vitro, but only during a particular time period following 177 

injury.  178 

 179 

Despite promising evidence of cortical and hippocampal neurogenesis post-injury, the 180 

longer-term survival and functional integration of newly born neurons remained unexplored 181 

until recently. Several studies have demonstrated aberrant dendritic branching and 182 

migration patterns of newborn neurons within the hippocampus post-injury. Following CCI 183 

in a transgenic mouse model with fluorescent labelling of immature hippocampal neurons, 184 

altered dendritic morphology was identified in newly generated neurons post-injury [26]. 185 

Immunohistochemical analysis of POMC-EGFP mice at 2 weeks post injury demonstrated an 186 

increased number of GFP+ cells in the ipsilateral dentate gyrus of injured mice compared to 187 

control, indicating post-traumatic hippocampal neurogenesis. Since GFP+ cells could have 188 

been generated at any time between 7 and 14 days post injury, the time of generation of 189 

immature hippocampal neurons was more closely studied with the administration of BrdU 190 

at 2, 5, or 7 days post injury. Scholl analysis of BrdU+/GFP+ cells demonstrated more 191 

complex dendritic morphology in newborn neurons when compared to control, with shorter 192 

distance from neuronal soma to the first dendritic branch, increased number of branches, 193 

and increased dendritic length. In addition, aberrant dendritic morphology persisted as long 194 

4 weeks post-injury, examined with the use of DexCre/TdTom mice. This was corroborated 195 

by another study [27], which examined DCX+ cells within the adult mouse hippocampus 196 

post-CCI. Physiological patterns of adult hippocampal neurogenesis involve generation of 197 



new neurons in the subgranular zone and migration into the inner third of the granule cell 198 

layer (GCL) [28]. However, it was demonstrated that CCI resulted in a significantly greater 199 

number of newly generated neurons (BrdU+DCX+ cells) migrating beyond the inner third of 200 

the GCL into the outer two thirds at one-week post injury, representing an abnormal 201 

pattern of development. Whilst these neurons were demonstrated to develop into mature 202 

neurons (BrdU+NeuN+ cells) at four weeks post injury, this abnormal migration pattern 203 

persisted. In contrast to previous findings, however, this was associated with significantly 204 

reduced dendritic branch numbers and lengths at 5 weeks post injury compared to control.  205 

Two further studies examined the localisation of DCX+ cells within the hippocampus post-FPI 206 

in mice [29, 30]. At both 7 and 30 days post injury, there was a significant increase in the 207 

number of DCX+ cells in the hilus of the dentate gyrus when compared to control, indicating 208 

abnormal ectopic migration of newly generated granule cells. Essentially, whilst post-209 

traumatic hippocampal neurogenesis takes place, subsequent migration and development 210 

of newborn neurons is abnormal. Whilst several studies have examined the ongoing 211 

development of neurons generated in the hippocampus post-injury, the fate of newborn 212 

neurons generated by post-traumatic cortical neurogenesis remains comparatively less 213 

clear. Using a rat CCI model, Yi et al [9] demonstrated that NSPCs peaked at 3 days post 214 

injury in agreement with previous studies. However, despite a significant increase in 215 

newborn immature (doublecortin/ BrdU+ cells) and mature (MAP2+/ BrdU+ cells) neurons at 216 

7 days, both were undetectable at the site of cortical injury at 28 days. Therefore, whilst 217 

neurogenesis is activated post-injury, achieving survival and functional integration of 218 

newborn neurons remains enigmatic.  219 

 220 

Developing a mechanistic understanding of the relationship between the post-injury 221 

microenvironment and its effects on neurogenesis may help provide therapeutic avenues 222 

for enhancing functional recovery in TBI patients. The neuro-inflammatory response that 223 

characterises the protracted injurious process post-TBI is an active area of ongoing research 224 

(for review see Wofford et al. [31]). Briefly, initial traumatic impact preferentially perturbs 225 

neuronal membrane integrity and increases neuronal permeability, with subsequent release 226 

of inflammatory cytokines and DAMPs [16, 32-34]. This results in microglial activation, 227 

increased blood-brain-barrier permeability and peripheral immune cell infiltration, and 228 

amplification of the neuro-inflammatory response [32, 35]. The resultant micro-229 



environment, demonstrated by chronic microglial activation at time points far beyond the 230 

initial injury, is unlikely to support endogenous neurogenesis [36]. The concept of a 231 

detrimental effect of neuro-inflammation on neurogenesis has been widely studied across 232 

other neurological diseases such as stroke, epilepsy, Alzheimer’s disease, and schizophrenia 233 

[37][38][39][40]. However, this relationship remains relatively unexplored in the context of 234 

post-traumatic neurogenesis. Manipulating the post-injury microenvironment to support 235 

neurogenesis should, therefore, target factors involved in both post-traumatic neuro-236 

inflammation and neurogenesis; of which HMGB1 is a prime example.  237 

 238 

 239 

3. HMGB1- under physiological conditions and post-TBI 240 

 241 

High Mobility Group Box protein 1 (HMGB1) is a 215 amino acid protein with pleiotropic 242 

functions determined by (i) intra- or extra-nuclear localisation, (ii) target receptor 243 

interactions (Receptor for Advanced Glycation End-Products (RAGE), and Toll-Like Receptor 244 

4 (TLR4)) [41, 42], (iii) concentration, and (iv) its molecular isoform (Figures 2-3). It acts as a 245 

non-histone DNA binding protein to modulate gene expression and DNA repair under 246 

physiological conditions with a key role in neural development, but is released passively by 247 

necrotic neurons or secreted actively by immune cells as an alarmin under pathological 248 

insult [43]. Two DNA binding domains, known as Box A and Box B, and an acidic C-terminal 249 

tail constitute the basic structure of HMGB1 [44]. This reflects its physiological role in co-250 

ordination of gene transcription in its natural physiological milieu within the nucleus.  251 

 252 

The dynamics of HMGB1 release following injury has been well characterised by a study 253 

examining gene expression, protein levels, and cytoplasmic translocation of HMGB1 in 254 

neuronal cultures generated from embryonic mouse cortex [45]. Neuronal cultures were 255 

exposed to various chemical stimuli simulating chemical ischaemia, oxidative stress, and 256 

excitotoxicity, and demonstrated HMGB1 cytoplasmic translocation at 1 hour and increased 257 

protein levels at 4 hours following injury. Apoptotic stimuli could not reproduce this effect, 258 

highlighting that acute HMGB1 release following injury occurs as a result of cellular necrosis. 259 

Exposing mixed glial cultures to HMGB1 resulted in upregulation of pro-inflammatory gene 260 

expression including NOS2, COX2, and IL-1ß. Interestingly, HMGB1, at a concentration of 261 



10μg/mL, did not significantly increase cell death in isolation, but significantly enhanced cell 262 

death in the presence of necrotic stimuli. Another study that examined differences between 263 

microglia derived from wild type and TLR4 mutant mice had similar findings [46]. Addition of 264 

HMGB1 neutralising antibodies to microglial cultures exposed to condition media derived 265 

from NMDA-treated neuronal cultures reduced microglial IL-6 production, but not when 266 

treated with control condition media. However, this effect was not found in microglial 267 

cultures lacking functional TLR4 receptors, indicating an HMGB1-TLR4 dependent 268 

mechanism for microglial activation. This emphasises the importance of understanding the 269 

nature of injury and exploring the interaction of HMGB1 with other cytokines to refine 270 

therapeutic approaches.  271 

 272 

Despite the relatively recent interest in the role of HMGB1 in inflammation, its role in 273 

promoting neurite outgrowth, NSPC migration, and development have also been elucidated. 274 

Early evidence demonstrated strong expression of HMGB1 amongst proliferating and 275 

migrating cortical and cerebellar granule neurons in the developing rat brain [47, 48], with 276 

subsequent decline once target locations were reached. This is in keeping with findings that 277 

HMGB1 is abundantly expressed throughout the developing mouse brain, but only found in 278 

areas of active neurogenesis at later stages [49]. The role of HMGB1 in neural development 279 

was also illustrated in vivo using selective manipulation of HMGB1 expression in a zebrafish 280 

model [50]. A significant reduction in NSPC survival, proliferation, brain development, and 281 

neural network formation were observed when HMGB1 gene expression was suppressed.  282 

 283 

 284 

3.1 HMGB1 Target Receptors 285 

Established target receptors for HMGB1 include RAGE and TLR4, with MyD88-dependent 286 

downstream signalling resulting in NFkB activation, nuclear translocation, and upregulation 287 

of target gene transcription (Figure 4) [51]. HMGB1-RAGE interaction has been widely 288 

studied, and involves RAGE-mediated HMGB1 endocytosis followed by direct NFkB 289 

activation [52], whilst HMGB1 interacts with MD-2 to trigger TLR-4 homodimerisation and 290 

downstream signalling [42].  Initially, RAGE was postulated to be the predominant receptor 291 

in neural tissue, and TLR-4 in immune cells [53]. Indeed, several studies characterised 292 

involvement of the HMGB1-RAGE axis in neurite outgrowth and neural migration [54-56], 293 



and TLR-4 in immune cell and microglial activation [53]. However, more recent studies have 294 

demonstrated overlapping roles of RAGE and TLR4 in glial activation and neurotoxicity. One 295 

study demonstrated that HMGB1 interaction with RAGE expressed by glial cells plays a 296 

pivotal role in mediating ischaemic brain damage using mixed glial cultures generated from 297 

neonatal mice [57]. Interestingly, the toxic effects of HMGB1 were only seen with treatment 298 

of mixed glial cultures, but not primary neuronal, pure microglial, or pure astrocytic 299 

cultures. RAGE expression was demonstrated across neurons, astrocytes, and microglia. 300 

However, evidence that this effect was mediated by microglial RAGE expression was 301 

demonstrated by reduced cell death when neurons from wild type mice were co-cultured 302 

with microglia from RAGE knockout mice. A recent in vivo study examined the effects of 303 

intraventricular HMGB1 administration in mice and demonstrated disruption of memory 304 

encoding via both TLR4 and RAGE [58]. An in vitro study using coriaria lactone-induced 305 

activation of human microglial cultures as an epilepsy model demonstrated upregulation of 306 

HMGB1 along with both TLR4 and RAGE receptors and downstream NFkB activation, 307 

implying a role for both receptors [59]. Therefore, further studies are required to elucidate 308 

the specific roles of RAGE and TLR4 in neuro-inflammation and neurogenesis following TBI.  309 

 310 

The role of HMGB1-RAGE interaction in neurogenesis has been well characterised in several 311 

studies. One study demonstrated that blocking RAGE receptors in postnatal mouse 312 

cerebellar slice cultures reduced both neurite outgrowth and migration of granule neurons 313 

[54]. Another in vitro study using N18 mouse neuroblastoma cell cultures  demonstrated 314 

that HMGB1 and S100B proteins acted together to improve neuronal survival and neurite 315 

outgrowth via interaction with RAGE [55]. Importantly, it was demonstrated that S100B was 316 

capable of neurotrophic effects at lower concentrations but neurotoxic effects at higher 317 

concentrations, both via interaction with RAGE. More recently, it was demonstrated that 318 

HMGB1, at a concentration of 1ng/mL, facilitated migration of NSPCs via interaction with 319 

RAGE in cultures generated from foetal mouse cortical tissue [56]. This illustrates that the 320 

complex regulation of neuronal survival and proliferation depends on the concerted actions 321 

of multiple cytokines within particular concentration ranges (for review see Borsini et al. 322 

[60]).  Particularly in the context of the heterogeneous inflammatory cytokine cascade that 323 

characterises TBI, close attention is required to ensure that potentially beneficial effects are 324 

not negated through treatment.    325 



Although the involvement of RAGE in mediating neurogenesis post-TBI has not been 326 

specifically addressed, studies in the context of stroke and Alzheimer’s disease (AD) indicate 327 

a beneficial role. A recent study, using an in vivo model of ischaemic stroke in mice, 328 

implicated HMGB1 in mediating the pro-neurogenic effects of exposing injured mice to an 329 

enriched environment [61]. When glycyrrhizin, a RAGE antagonist, was administered at one 330 

week post injury, for a duration of two weeks, immunohistochemical studies indicated 331 

amelioration of the positive effects of enriched environment on NSPC proliferation in the 332 

SVZ. This was corroborated by poorer performance of treated injured mice on motor tasks 333 

at both 3- and 4-weeks post injury. This was consistent with in vitro experiments using 334 

condition media collected from primary astrocyte cultures exposed to pro-inflammatory 335 

stimuli. Primary astrocyte cultures were grown from mice at two weeks post injury, 336 

stimulated to release HMGB1 with the addition of LPS and VEGF, and condition media 337 

collected. Use of this condition media to grow neurospheres resulted in a significant 338 

increase in the number of neurospheres and percentage of Tuj1+ cells, and this effect was 339 

reversed with the use of glycyrrhizin. Similar findings were demonstrated in an in vivo model 340 

of intracerebral haemorrhage (ICH) in rats [62]. Evidence of cortical neurogenesis was 341 

demonstrated by the presence of BrdU+DCX+ cells in the peri-haematoma region at 10- and 342 

14-days post injury, but this was significantly reduced with administration of ethyl pyruvate 343 

at one-week post injury. This was also reflected in poorer performance on neurological 344 

assessment in the treatment group at 10- and 14-days post injury. A later study from the 345 

same group evaluated the same injury model, and observed increased numbers of 346 

BrdU+DCX+ cells in the ipsilateral striatum at 14 days post injury [63]. This effect was 347 

abolished with administration of ethyl pyruvate, which was commenced even earlier, at 3 348 

days post injury. Interestingly, ethyl pyruvate resulted in a significant reduction in RAGE 349 

protein expression, but not TLR-4, indicating a role for the HMGB1-RAGE axis in 350 

neurogenesis post-ICH. Therefore, whilst HMGB1 is involved in the acute neuro-351 

inflammatory response post-injury, there is evidence for a role in functional recovery at 352 

later time points. The role of the HMGB1-RAGE axis in neurogenesis has also been explored 353 

in the context of Alzheimer’s disease (AD), which is known to share its clinical phenotype 354 

with the longer-term manifestations of TBI [64].  One study demonstrated a concentration-355 

dependent, pro-neurogenic effect of HMGB1 on rat hippocampal NSPC cultures, with 356 

increased numbers of MAP2+/nestin+ and MAP2+/nestin- cells in the presence of HMGB1 357 



[65]. Reversal of this effect with the use of anti-RAGE antibodies and inhibitors of nuclear 358 

NFkB translocation indicated that this was dependent on the HMGB1/RAGE/NFkB signalling 359 

pathway. Interestingly, the RAGE/NFkB axis was also implicated in mediating the enhanced 360 

neurogenic potential of hippocampal NSPCs derived from TgCRND8 mice, a transgenic 361 

mouse model of AD. A more recent study examined the hypothesis that HMGB1 is 362 

implicated in enhanced hippocampal neurogenesis in AD by evaluating outcomes following 363 

intraventricular administration of HMGB1 in 3xTg-AD mice [66]. This resulted in: (i) 364 

increased numbers of DCX+ cells in the dentate gyrus of treated mice, (ii) increased levels of 365 

dendritic and synaptic markers, and (iii) improved performance on spatial memory tasks. 366 

Essentially, there is evidence for the HMGB1-RAGE axis in mediating neurogenesis in the 367 

contexts of both stroke and AD.  368 

 369 

Whilst several studies demonstrate a role for the HMGB1-RAGE axis in both neural 370 

development and neurogenesis post-injury, mounting evidence also implicates TLR-4 371 

involvement in neurogenesis post-injury, though TLR receptors are conventionally 372 

associated with the innate immune response [67]. Indeed, involvement of TLR-4 receptors 373 

in hippocampal neurogenesis has been previously elucidated using wild type and TLR-4 374 

deficient mice [68]. Identification of an increased number of BrdU+ cells at 1- and 7-days 375 

post-BrdU administration in the dentate gyrus of TLR-4 deficient mice when compared with 376 

wild type mice indicates an inhibitory role of TLR-4 on NSPC proliferation. Also, the majority 377 

of BrdU+ cells were constituted by DCX+ and ßIII-tubulin+ cells, indicating an inhibitory effect 378 

on both NSPC proliferation and differentiation into the neuronal lineage. This was affirmed 379 

in vitro, as addition of siRNA for TLR-4 resulted in significantly greater neurosphere 380 

formation with larger numbers of ßIII-tubulin+ cells grown from NSPCs derived from wild 381 

type mouse hippocampus. However, at 28 days post BrdU injection, there was no significant 382 

difference in the number of proliferating cells between wild type and TLR-4 deficient mice, 383 

indicating that other signalling pathways may be responsible for survival of newly generated 384 

neurons. Similar findings have been affirmed in the hippocampus of adult TLR-4-/- mice, with 385 

enhanced NSPC proliferation, indicated by Ki67 labelling, and neuronal differentiation, 386 

demonstrated by number of NeuN+BrdU+ cells, when compared to wild type mice [69]. An 387 

inhibitory role of TLR-4 was also verified in neurospheres grown from NSPCs derived from 388 



the human fetal brain, demonstrating reduced NSPC proliferation in the presence of TLR-4 389 

antagonists [70]. Essentially, under physiological conditions, studies from multiple species 390 

implicate TLR-4 as a negative modulator of neurogenesis.   391 

 392 

Several studies have also examined the role of TLR-4 in post-injury neurogenesis, in the 393 

context of both ischaemic stroke and TBI. One study examined cell proliferation within the 394 

hippocampus of mice post-CCI, and demonstrated enhanced co-expression of BrdU+TLR4+ 395 

cells at multiple time points post-injury, peaking at 3 days and then decreasing at 396 

subsequent time points [71]. Similar findings have been demonstrated using an in vivo rat 397 

model of ischaemic stroke, with increased number of BrdU+ cells in TLR4-/- mice at 7 days 398 

post injury when comparing mice with similar infarct sizes [72]. However, wild type mice 399 

demonstrated quicker migration of neuroblast to the region of ischaemic insult than TLR4-/- 400 

mice, with a greater density of DCX+ cells in the area of damage at 7 days post injury. Also, 401 

at later time points of 14 and 28 days post injury, there were a greater number of 402 

BrdU+/NeuN+ cells in wild type mice compared with TLR4-/- mice, indicating that survival 403 

and integration of newborn neurons remains greater in the area of damage despite greater 404 

SVZ proliferation in TLR4-/- mice. A recent study explored the role of TLR-4 receptors in 405 

neurogenesis following stroke, using an in vivo model of ischaemic stroke in wild type and 406 

TLR-4-/- mice [73]. Under normal physiological conditions, TLR-4-/- mice demonstrated a 407 

greater number of proliferating cells within the SVZ, indicated by Ki67 immunopositivity, 408 

when compared with wild type mice. The converse was true, however, following injury, with 409 

a greater number of proliferating cells at one day post injury in wild type mice compared to 410 

TLR-4-/- mice. This was in keeping with in vitro experiments using tissue derived from SVZ of 411 

wild type and TLR-4-/- mice, which demonstrated larger diameter neurospheres and greater 412 

NSPC migration in the presence of TLR-4 agonists such as LPS or HMGB1. This effect was 413 

abolished with the use of TLR-4 antagonists and with cultures derived from TLR-4-/- mice. As 414 

well as emphasising a beneficial role for TLR-4 in mediating neurogenesis post-injury, this 415 

demonstrates the importance of injury as a determinant of receptor function.  This is 416 

supported by a study of TLR-4 involvement in neurological recovery post-ICH in rats [74], 417 

which demonstrated increased TLR-4 protein expression for up to 14 days post injury. 418 

Importantly, administration of a TLR-4 antagonist, TAK-242, at 3 days post injury reduced 419 



ICH-induced enhancement of BrdU+DCX+ cells within the striatum and poorer performance 420 

on neuro-behavioural assessment at 14 days post injury. 421 

 422 

The role of TLR-4 in neurogenesis post-TBI has mainly been studied as part of the 423 

mechanism of action of various therapeutic agents. A recent study examined the effects of 424 

microRNA-124 enriched exosomes (exo-miR-124) on microglial phenotype and hippocampal 425 

neurogenesis in a CCI model in rats [75]. Intravenous administration of exo-miR-124 at 24 426 

hours post-injury was associated with enhanced hippocampal neurogenesis and improved 427 

performance on motor tasks at up to 28 days post injury. This effect was attributed to the 428 

TLR-4 dependent modulation of microglia to adopt an anti-inflammatory phenotype, often 429 

dubbed as M2 polarisation. This was demonstrated by: (i) enhanced gene expression of M2 430 

markers including CD206, Arginase-1, IL-4, IL-10, and TGF-ß in injured mice treated with exo-431 

miR-124; and (ii) reduced gene expression of TLR-4 and downstream signalling elements 432 

such as MyD88,  IRAK1, TRAF6, and NFKb p65. The likely hypothesis that exo-miR-124 433 

administration resulted in TLR-4 dependent M2 polarization was affirmed on further in vitro 434 

experiments that examined the effects of exo-miR-124 on gene and protein expression of 435 

M2 markers and TLR-4 signalling using BV2 microglial cultures. Whilst a focus on HMGB1 436 

receptor expression on NSPC is important for understanding post-injury neurogenesis, this 437 

study highlights the importance of also understanding the complex interplay with other cell 438 

subtypes. This is in keeping with a PET imaging study that evaluated SVZ neurogenesis and 439 

activated TSPO+/ CD11b+ microglia in TLR-4-/- mice post-cerebral ischaemia [76]. Enhanced 440 

SVZ neurogenesis was demonstrated in TLR-4-/- mice using [18F]FLT-PET imaging at 2 days 441 

post injury, and a combination of [11C]PK11195-PET and immunohistochemical studies 442 

demonstrated reduced presence of TSPO+/ CD11b+ microglial cells at 2 days but not 7 and 443 

14 days post-injury. Taken together, this suggests that microglial TLR-4 activation may 444 

negatively modulate neurogenesis post-injury. Another study examined the effect of TLR-4 445 

signalling on hippocampal neurogenesis after electroacupuncture treatment post-CCI in 446 

mice [77]. Treatment resulted in significant increases in the number of BrdU+/NeuN+ cells in 447 

the dentate gyrus, reduced TLR-4 protein expression, and improved performance on motor 448 

tasks at up to 35 days post injury. Given that the beneficial effects of treatment were 449 

reversed with the administration of LPS, a TLR-4 agonist, this indicates that TLR-4 expression 450 



is correlated with reduced hippocampal NSPC proliferation in the context of 451 

electroacupuncture treatment post-TBI.  452 

 453 

 454 

 455 

 456 

3.2 HMGB1 Isoforms 457 

The modifiable redox status of cysteine and acetylation status of lysine residues within the 458 

HMGB1 peptide determine its function and localisation, respectively [78, 79]. Redox 459 

isoforms are determined by the formation of disulphide bonds between three key cysteine 460 

residues: Cys23 and Cys45 located in Box A and Cys106 in Box B. Three isoforms of HMGB1 461 

emerge from the redox status of these cysteine residues [80]: fr-HMGB1 (fully reduced/thiol 462 

HMGB1), ds-HMGB1 (disulphide HMGB1), and ox-HMGB1 (sulphonyl/oxidised HMGB1), in 463 

order of increasing oxidation. Each is associated with different functions and reflect 464 

different underlying cellular processes. This is illustrated by studies demonstrating: (i) fr-465 

HMGB1 is the main isoform released following necrosis, which forms complexes with 466 

CXCL12 and acts on CXCR4 receptors to recruit immune cells to the site of release [81], (ii) 467 

ds-HMGB1 is a pro-inflammatory cytokine involved in immune cell activation that interacts 468 

with TLR-4 receptors [82], and (iii) ox-HMGB1 demonstrates neither pro-inflammatory nor 469 

chemokine activity [83]. Acetylation of lysine residues in the nuclear localisation sequence 470 

(NLS) of HMGB1 triggers cytoplasmic translocation, which is the first step towards 471 

extracellular secretion and subsequent inflammation. Thus, acetylation can distinguish 472 

between the two pathways of HMGB1 release: passive release during necrosis and active 473 

secretion, the latter necessitating cytoplasmic translocation [79]. This is a molecular 474 

representation of two fundamental roles of HMGB1, as a damage associated molecular 475 

pattern (DAMP) to reflect cell death and an alarmin to represent cellular stress [13].  476 

 477 

Despite recognition of the importance of HMGB1 redox isoforms and acetylation status in 478 

other clinical diseases, there are few studies exploring their role in neurological disease. One 479 

study evaluated the effects of different HMGB1 redox isoforms on neuro-inflammation [84] 480 

Two different HMGB1 isoforms, ds- and fr-HMGB1, were administered directly to the 481 

cisterna magna of adult rats, and the neuro-inflammatory response of the hippocampus was 482 



evaluated. Ds-HMGB1, but not fr-HMGB1, stimulated significant upregulation of pro-483 

inflammatory cytokines’ gene expressions, including TNF-a, IL-1ß, and IL-6, in the 484 

hippocampus at 2 hours and 24 hours post-injection. Furthermore, ds-HMGB1 potentiated 485 

the hippocampal inflammatory response to intraperitoneal administration of LPS at 24 486 

hours later. This translated into altered behavioural performance, with reduced social 487 

exploration in mice treated with both LPS and ds-HMGB1 compared with ds-HMGB1 alone. 488 

The effects on microglia isolated from whole brains were also explored, and ds-HMGB1 489 

alone did not result in significant upregulation of pro-inflammatory cytokines including TNF-490 

a, IL-1ß, and IL-6. However, subsequent addition of LPS revealed that ds-HMGB1 ‘primed’ 491 

microglia and resulted in amplified upregulation of pro-inflammatory gene expression 492 

compared to LPS alone. Another study examined differences in the neuro-inflammatory 493 

response and blood brain barrier integrity following intracerebral injection of ds- or fr-494 

HMGB1 in adult rats [85]. Both ds- and fr-HMGB1 demonstrated increased blood brain 495 

barrier permeability on MRI imaging and immunofluorescence studies, and resulted in 496 

increased numbers of IL-1 ß expressing cells. Whilst LPS administration resulted in a 497 

significant increase in the numbers of CD68+ microglia, this effect was not seen with either 498 

HMGB1 isoforms. However, a differential effect of isoforms was observed with increased 499 

apoptosis on TUNEL assay with ds-HMGB1 but not fr-HMGB1 or LPS. The effects of HMGB1 500 

redox isoforms on neuro-inflammation and depressive behaviour in adult mice has also 501 

been explored [86]. In keeping with previous findings, both ds- and fr-HMGB1 isoforms 502 

resulted in significant upregulation of hippocampal TNF-a, but to a greater extent with ds-503 

HMGB1.  However, a receptor specific mechanism was not identified, given that 504 

upregulation was inhibited with the use of both TLR-4 and RAGE antagonists. Whilst a 505 

differential effect of different HMGB1 redox isoforms on apoptosis and neuro-inflammation 506 

have been explored, specific receptor interactions and effects on neurogenesis under both 507 

physiological and pathological conditions remain to be elucidated. In particular, given 508 

evidence that HMGB1 redox status determines affinity to target receptors [87], and the 509 

differential roles of TLR-4 and RAGE in mediating post-injury neurogenesis, further 510 

evaluation is vital. In sum, HMGB1 is a pivotal inflammatory mediator released acutely 511 

following various forms of injury but also plays a key role in mediating neurogenesis in the 512 

developing brain. Given that cortical neurogenesis occurs following TBI, HMGB1 may 513 

provide an ideal therapeutic target for modulating neurogenesis post-injury. Several factors 514 



including type of injury, concentration of HMGB1, HMGB1 redox status, time since injury, 515 

interaction with other cytokines, and interplay between different cell types must be taken 516 

into consideration.  517 

 518 

 519 

 520 

4. HMGB1 as a therapeutic target in TBI 521 

 522 

Although the role of HMGB1 in neurogenesis following TBI remains to be fully elucidated, in 523 

vivo studies of HMGB1 antagonism in animal models of TBI may provide valuable insight 524 

(Table 2). Several studies over the past decade have focused on various therapeutic 525 

strategies that involve direct or indirect modulation of HMGB1 signalling to ameliorate TBI-526 

related deficits. These studies can be broadly divided into approaches that specifically target 527 

HMGB1, and others that demonstrate an association between beneficial therapeutic agents 528 

and suppression of HMGB1 signalling. Key examples of therapeutic agents targeting HMGB1 529 

include glycyrrhizin, Box A, ethyl pyruvate, and monoclonal HMGB1 antibodies (anti-HMGB1 530 

mAb), which exert their effects at different stages of HMGB1 signalling. Broad themes 531 

emerging from studies of HMGB1 antagonism include reduction of cerebral oedema, 532 

suppression of pro-inflammatory cytokine release and microglial activation, reduced 533 

expression of HMGB1 target receptors, and improved neurological outcomes (Figure 5).  534 

 535 

These findings are demonstrated with the use of non-specific competitive HMGB1 536 

antagonists, such as Box A [88] and anti-HMGB1 mAb [89, 90]. Box A administration, 537 

following CCI in adult mice, resulted in improved neurological outcomes at up to 7 days post 538 

injury, reduced cerebral oedema, and enhanced integrity of the blood brain barrier [88]. 539 

Also, reduced HMGB1, TLR4, MyD88, and p65 protein expression on exposure of IL-1ß 540 

treated primary astrocyte cultures to Box A indicated a role of the HMGB1-TLR4 axis in 541 

mediating the inflammatory response of astrocytes. Later time points of up to 2 weeks post 542 

injury were evaluated with use of anti-HMGB1 mAb after FPI in adult rats [89]. Improved 543 

performance on motor and spatial memory tasks, reduced numbers of activated microglia 544 

within the cortex, and reduced neuronal apoptosis were identified. Comparatively reduced 545 

serum HMGB1 levels in the treatment group reflected the likely disruption of the positive 546 



feedback cycle triggered by HMGB1 release post-injury. In addition, the superior motor 547 

function and reduced cerebral oedema seen in the treatment group at 24 hours post injury 548 

was abolished in RAGE-/- mice but not TLR4-/- mice, indicating a pivotal role for the HMGB1-549 

RAGE axis in TBI pathogenesis [90]. Similarly, ethyl pyruvate, which prevents HMGB1 release 550 

[91], produced beneficial effects in rats subjected to weight drop injury in two studies [92, 551 

93]. Improved motor function, reduced gene and protein expression of HMGB1 and TLR4, 552 

reduced pro-inflammatory cytokine (IL-1ß, TNF-a, IL-6) release, and fewer apoptotic cells 553 

were identified at 24 hours post-injury.  554 

 555 

Three studies examined the use of glycyrrhizin in different models of TBI in adult rats, and 556 

demonstrated consistently beneficial effects on histological and neurological outcomes [94-557 

96]. This included weight-drop injury [94], FPI [95], and a lateral head rotation model 558 

simulating diffuse axonal injury [96]. In the acute phase at 6 hours post-injury, pro-559 

inflammatory cytokine gene upregulation (TNF-a, NOS-2, IL-1ß, and IL-6) was suppressed in 560 

treatment groups [95]. By 24 hours post injury, reduction in neuronal apoptosis [96] and 561 

reduced gene and protein expressions of HMGB1, TLR4, and RAGE were observed [94]. This 562 

translated into improved motor performance, on Rotarod testing, and spatial memory 563 

function, on Morris water maze testing, at up to 7 days post injury [95]. Surface plasmon 564 

resonance studies indicate that the mechanism of action of glycyrrhizin involves 565 

interruption of HMGB1-RAGE interaction, and the beneficial effects of treatment were not 566 

seen in RAGE-/- mice [95]. However, timing of glycyrrhizin administration may not be 567 

applicable to the clinical setting, as this ranged from 30 minutes pre-injury [96] to 30 568 

minutes post-injury [94]. 569 

 570 

Other studies have demonstrated an association between disruption of HMGB1 signalling 571 

and improved neurological outcomes with the use of various therapeutic agents in in vivo 572 

animal models of TBI. A recent study examined the effects of omega-3 polyunsaturated fatty 573 

acid (ω-3 PUFA) administration on neurological and histological outcomes following weight 574 

drop injury in rats [97]. In the ω-3 PUFA treated group, where administration was performed 575 

30 minutes following injury, findings included: (i) improved neurological outcomes at one 576 

week post injury, as measured by the modified neurological severity score; (ii) reduced 577 

cerebral oedema at 3 days post injury; (iii) reduced neuronal apoptosis at 3 days post injury; 578 



and (iv) reduced microglial activation at 3 days post injury. Immunohistochemistry 579 

demonstrated significantly higher HMGB1 co-localisation in neurons and microglia at 3 days 580 

post injury, but treatment with ω-3 PUFA resulted in reduction in HMGB1 cytoplasmic 581 

translocation and protein levels. Reduced protein levels of TLR4 and downstream signalling 582 

elements including NFkB, p65, and p-IkB in the treatment group implied that ω-3 PUFA may 583 

exert its effects via modulation of the HMGB1-TLR4 axis in microglia. However, findings 584 

from a recent study examining the effects of inducible HMGB1 knockout in mice subjected 585 

to CCI demonstrate the complex relationship between HMGB1 antagonism and functional 586 

outcomes post-TBI [98]. Other than reduced contusion volume in HMGB1 knockout mice, no 587 

significant differences were identified in extent of cerebral oedema, motor or spatial 588 

memory function, or hippocampal neuron survival. Importantly, these findings were 589 

assessed up to 21 days following injury; evaluating a longer timescale than previous studies 590 

of HMGB1 as a therapeutic target after TBI. This highlights the important concept that 591 

sustained suppression of neuro-inflammatory signalling is not beneficial in the longer term.  592 

 593 

In sum, despite several studies indicating the effects of HMGB1 blockade on dampening 594 

neuro-inflammation post-TBI, the therapeutic effects of HMGB1 antagonism on 595 

neurogenesis post-TBI remains to elucidated. Based on current evidence, it is unclear 596 

whether the potentially beneficial effects of HMGB1 antagonism are a result of 597 

neuroprotective mechanisms alone, and whether there are any unintended effects on post-598 

injury neurogenesis. Given ample evidence of the involvement of HMGB1 and its target 599 

receptors in both physiological and post-injury neurogenesis in other disease contexts, this 600 

is an important field for future research in therapeutic approaches for TBI.  601 

 602 

 603 

5. Conclusions & Future Directions 604 

 605 

HMGB1 is a promising therapeutic target due to its involvement in both the neuro-606 

inflammatory cascade post-TBI and in regulating neurogenesis. Whilst animal studies 607 

indicate that interruption of HMGB1 signalling acutely post-TBI may improve outcomes, 608 

sustained suppression is of little benefit. In order to develop effective therapeutic 609 

strategies, a fundamental understanding of HMGB1, neuro-inflammation, and neurogenesis 610 



is essential to achieve longer term functional recovery. The following aspects will require 611 

clarification in order to avoid the unintended negation of beneficial effects of HMGB1: (i) 612 

optimal timing for HMGB1 inhibition, which must also address feasibility within the clinical 613 

setting, and avoid administration of therapeutic agents before or soon after injury in in vivo 614 

animal models; (ii) concentration ranges that HMGB1 confers a pro-neurogenic effect versus 615 

pro-inflammatory effects; (iii) target receptors and downstream signalling pathways 616 

responsible for mediating the different effects of HMGB1; (iv) responses of different cell 617 

subtypes to HMGB1 signalling; (v) role of HMGB1 in the aberrant neurogenesis seen post-618 

TBI; (vi) effects of HMGB1 heterocomplexes with other cytokines released post-TBI on 619 

neurogenesis; and (vii) the possibility of differential effects of HMGB1 isoforms. Hence, with 620 

an integrated mechanistic understanding of HMGB1 signalling and neurogenesis in the post-621 

injury microenvironment, targeted pharmacological strategies can be developed that avoid 622 

the pitfalls of previous attempts to enhance neurological recovery following TBI.  623 

 624 

 625 
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 648 

Figure Legends 649 



 650 
Figure 1- Schematic diagram demonstrating timelines of post-traumatic neurogenesis in the 651 

cortex (highlighted in red box), subventricular zone (highlighted in red), and dentate gyrus 652 



(highlighted in red box) following animal models of traumatic brain injury (TBI) (see Table 1 653 

for further details).  654 

 655 
Figure 2- Schematic diagram depicting molecular structure of HMGB1 and functions 656 

associated with different domains. (Adapted from He et al. [87]). 657 

 658 



Figure 3- Summary of cellular sources of HMGB1, isoforms (based on acetylation status or 659 

redox status), pro-inflammatory activity, target receptors, and downstream signalling. 660 

Acetylation status of HMGB1 indicates nature of cellular source- acetylation represents 661 

active release whilst non-acetylated HMGB1 is released passively from necrotic cells. Redox 662 

status determines pro-inflammatory effects, though the role of oxidised HMGB1 remains 663 

relatively unexplored in the context of neurological injury. (Adapted from Crews & Vetreno 664 

[99]). 665 

 666 

Figure 4- Schematic of HMGB1 signalling pathways and mechanism of action of therapeutic 667 

agents. Downstream signalling elements of RAGE and TLR4 converge on nuclear 668 

translocation of NFkB and pleiotropic effects dependent on context and cellular micro-669 

environment. This ranges from mediating neurogenesis during development to amplifying 670 

the pro-inflammatory response post-injury. HMGB1 antagonists include Box A, glycyrrhizin, 671 

and ethyl pyruvate, and each function via distinct mechanisms. Box A is a non-specific 672 

competitive HMGB1 antagonist, glycyrrhizin is a RAGE antagonist, and ethyl pyruvate 673 

inhibits nuclear-cytoplasmic translocation of HMGB1.  674 



 675 
Figure 5- Interplay between neurons, microglia, astrocytes, and HMGB1 signalling in post-676 

traumatic cortical neurogenesis. HMGB1 is released passively by necrotic neurons following 677 

injury, and results in an activated microglia phenotype and facilitates increased blood brain 678 

barrier permeability via increased AQP4 expression in astrocytes. Amplification of the pro-679 

inflammatory response results in further HMGB1 release and likely inhibition of 680 

neurogenesis post-injury, though the exact mechanisms underlying this effect remains 681 

unclear.    682 
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Table 1-  Summary of studies demonstrating evidence of neurogenesis after TBI 

Study Species Model Brain region Relevant finding (s) 
Tzeng and 
Wu, 1999  
[18]  

Adult male 
Sprague-
Dawley 
rats 

Cortical stab 
injury 

Subventricular zone/ 
ventricular zone 

• Increased number of BrdU+ cells within the SVZ, maximal at 24-48 hours post 
injury in both hemispheres (no control for comparison) 

Dash et al., 
2001 [19] 

Male Long 
Evans rats 

Controlled 
cortical impact 
(CCI) 

Hippocampus (DG) • Greater number of BrdU+ cells within ipsilateral DG post-injury compared to 
control- maximal at 72 hours and settled to control levels by 2 weeks 

• Co-localisation of BrdU+ cells with immature neuronal marker (TOAD-64) at 
earlier time points and mature neuronal marker (calbindin) at later time points 

Chirumamilla 
et al., 2002 
[20] 

Adult male 
Sprague-
Dawley 
rats 

Lateral fluid 
percussion 
injury (FPI) 

Subventricular zone • Greater number of BrdU+ cells at 48 hours post-injury in SVZ of injured rats 
compared to control 

• Majority of proliferating cells (3H-thymidine labelled) were comprised of 
immature astrocytes/ microglia, with no significant increase in proliferating cells 
expressing mature neuronal markers (NeuN) or NSPC markers (nestin) 

Kernie et al., 
2001 [21] 

8-week-
old male 
129/Sv 
mice 

CCI Hippocampus (DG) • Greater number of BrdU+ cells in DG at up to 60 days post-injury compared to 
control 

• Co-localisation of BrdU+ cells with nestin at 7 days and calbindin at 60 days, 
demonstrating neurogenesis and integration of granule neurons into DG 

Rice et al., 
2003 [22] 

Adult 
Sprague-
Dawley 
rats 

Lateral FPI Hippocampus (SGZ)/ 
Subventricular zone 
 

• Greater number of BrdU+ cells at multiple time points between 2 and 15 days 
post-injury in both ipsi- and contralateral SGZ/ SVZ 

• Significantly greater number of nestin and ßIII-tubulin double labelled cells on 
flow cytometry analysis of injured hippocampus compared with control 

Braun et al., 
2002 [11] 

8-week-
old male 
Wistar rats 

Cortical 
contusion 

Cortex and hippocampus 
(DG) 

• Partial recovery of cortical and hippocampal tissue shown by Nissl staining when 
comparing 1 and 7 days post injury 

• Greater number of ßIII-tubulin-positive neurons in the ipsilateral DG compared 
to control at 3 and 7 days post injury 

• High density of ßIII-tubulin expression in/ around site of cortical lesion at 7 days 



post injury 
Itoh et al., 
2005 [23] 

10-weeks-
old Wistar 
rats 

Pneumatic 
control injury 

Cortex  • Nestin+ cells were observed around the damaged area at 24 hours, 72 hours and 
7 days after TBI compared to no nestin-positive cells in control rats, and maximal 
at 72 hours 

• Peri-lesional tissue extracted at 72 hours could be used to generate 
neurospheres in vitro, capable of differentiation into neurons/ microglia/ 
oligodendrocytes  

Ramaswamy 
et al., 2005 
[24] 

Adult (8 -
12 weeks 
old) CD1 
mice 

CCI Cortex/ Subventricular 
zone 

• Significant number of doublecortin+ cells at site of cortical injury, compared with 
no positive cells in control at 3 days post injury 

• Migrating BrdU+ cells throughout corpus callosum and subcortical regions at 3 
days post-injury 

• Greater number of BrdU+ cells in the ipsilateral SVZ compared to control at 3 
days post injury 

Ahmed et 
al., 2012 [25] 

Postnatal 
day 8 
C57BL/6 or 
GFAP-GFP 
mice  
 

Stretch injury Cortex • Neurospheres generated from cortical tissue 7 days post stretch injury of 
cortico-hippocampal slice cultures 

• Neurospheres capable of neurons, astrocytes, and oligodendrocytes 

Yi et al., 
2013 [9] 

Adult 
Sprague-
Dawley 
rats 

CCI Cortex • Significant increase in newborn immature (doublecortin/ BrdU+ cells) and mature 
(MAP2+/ BrdU+ cells) neurons at 7 days, but undetectable at 28 days post injury 

• No evidence of NeuN+/BrdU+ at any time points 

 
 



Study  Model  Therapeutic Agent  Findings  Reference 

Yang L et al, 
2018 

CCI in adult male 
C57BL/6 mice 

HMGB1 A-box 
fragment administered 
intravenously at 2 
mg/kg/day for 3 days 
post-CCI 

 

• Significantly reduced Evans blue release in the 
injured hemisphere at 24 and 72 hours after 
controlled cortical impact, indicating protection of 
blood brain barrier 

• Reduced brain inflammatory cytokines (IL-1B, IL-6 
and TNF-a) at 24 hours after TBI. Cytokine 
production was evaluated through western blot and 
ELISA assay. 

• HMGB1 A-box improved wire grip scores one, two 
and three days after CCI, even to similar level as 
sham-injured mice at seven days post-surgery. 

 

[88] 

Okuma et al, 
2019 

FPI in adult male 
Wistar rats 

Anti-HMGB1 mAb 
(IgG2a subclass 
1mg/kg) administered 
intravenously on adult 
male rats at 5 minutes 
and 6 hours after injury. 
The same mAb dose 
was then administered 
daily. 
 

 

• Administering anti-HMGB1 mAb inhibited the loss 
of HMGB1 in neurons and inhibited neuronal death 
in the hippocampus two weeks after injury.  

• Anti-HMGB1 mAb reduced aggregation of 
activated microglia in the rat cortex in the ipsilateral 
hemisphere after TBI as evaluated two weeks after 
injury.  

• Beneficial effects of anti-HMGB1 mAb on motor and 
cognitive function persisted for two weeks after 
injury. 
 

[89] 

Okuma et al, 
2012 

FPI in adult male 
C57BL/6 rats 

Anti- HMGB1 mAb 
IgG2a subclass 1mg/kg 
administered 
intravenously and 5 
minutes and 6 hours 
after injury. 

• Administration of Anti-HMGB1 mAb significantly 
inhibited cytoplasmic translocation of HMGB1 in 
neurons up to 24 hours after injury.  

• Anti-HMGB1 mAb protected the integrity of BBB 6-
9 hours after injury and suppressed inflammatory 
molecule expression for up to 24 hours after injury.  

• Experiments using RAGE-/-, TLR4-/-, and TLR2-/- 
mice indicate that RAGE is the responsible receptor 
for above findings 
 

[90] 

Su et al, 2011 
 

Weight-drop injury 
in adult male 
Sprague-Dawley 
rats 
 

Ethyl pyruvate 
administered 
intraperitoneally (75 
mg/kg) at 5 min, 1 and 
6 h after TBI. 
 

• Significantly improved beam walking balance 
performance of rats at 24 hours injury 

• Levels of HMGB1 and TLR4 mRNA in the injured 
cortex of treated group were significantly decreased 
compared to control 24 hours after injury.  

• Following ethyl pyruvate treatment, NF-κB binding 
activity was significantly downregulated in brain 
tissue around the injured cortex compared to control. 

 

[92] 

Evran et al, 
2020 

Weight-drop injury 
in adult Sprague- 
Dawley male rats 

 

Ethyl pyruvate  (75 
mg/kg) administered 
intra-peritoneally at 30 
and 90 minutes and 6 
hours post TBI.  

• HMGB1 protein released from post-traumatic 
necrotic cells conributes to cerebral oedema by 
increasing expression of TLR4 and RAGE and 
decreasing occludin, claudin-5 and ZO-1 protein 
levels (BBB associated proteins) 

• Brain oedema reduced significantly with ethyl 
pyruvate administration compared to control 24 hours 
after injury.  

[93] 

Gu et al, 2014 Weight-drop 
Feeney method in 
adult male 
Sprague-Dawley 
rats 

Glycyrrhizin was a 
dministered 
intravenously at a 
dosage of 10 mg/kg 30 
min after TBI 

• Improved beam walking performance, reduced brain 
oedema, reduced cell apoptosis, suppressed HMGB1 
translocation, inhibited mRNA and decreased 
inflammatory cytokines (TNF-a, IL-6 and IL-B) 
expression 24 hours after TBI. 

• Glycyrrhizin can reduce secondary brain injury and 
improve outcomes by down regulating TLR4 and 
RAGE/NF-κB -mediated inflammatory responses 24 
hours after TBI.  

[94] 

Okuma et al, FPI in Glycyrrhizin (0.25, 1.0 • Dose-dependent inhibition of BBB permeability [95] 

Table 2- Summary of studies demonstrating effects of HMGB1 antagonism post-TBI in animal models.   



 
 
 
Abbreviations: CCI – Controlled cortical impact; DAI- diffuse axonal injury; FPI- Fluid 
percussion model; BBB- Blood brain barrier 
 

 
 
 

2014 adult male Wistar 
rats 

or 4.0 mg/kg) was 
administered 
intravenously at 5 min, 
6 hours and daily for 
three days post injury. 

• Ameliorated motor neurological deficit, associated 
with inhibition of HMGB1 translocation in neurons 
at injured sites. 

• Beneficial effects on motor and cognitive function 
persisted for seven days post injury.  

• Reduced expression of TNF-a, IL-1b and IL-6 at 
injured sites 

• Treatment effects reduced in RAGE-/- mice 
implicating HMGB1-RAGE inhibition as mechanism 
of action of glycyrrhizin  

Pang et al, 
2016 

Lateral head 
rotation device 
used to simulate 
DAI in adult male 
Sprague-Dawley 
rats 

Glycyrrhizin (10 
mg/kg) intravenously 
administered to 
treatment group 30 min 
before the induction of 
DAI  

 

• Reduced activation of apoptosis-associated proteins 
and expression of proinflammatory cytokines 48 
hours post-injury 

• Reduced cognitive and motor deficit, reduced 
neuronal apoptosis and protected integrity of the 
BBB after DAI in rats up to 48 hours post-injury.  

[96] 

Chen et al, 
2017 
 

Feeney DM weight 
drop injury in  
adult male 
Sprague-Dawley 
rats 
 

Omega-3 
polyunsaturated fatty 
acid (ω-3 PUFA) was 
injected 
intraperitoneally (2 
ml/kg) 30 mins post 
TBI and then once per 
day for seven 
consecutive days  

 

• ω-3 PUFA inhibited TBI-induced microglial 
activation and expression of inflammatory factors 
(TNF-α, IL-1β, IL-6, and IFN-γ) by regulating 
HMGB1 and TLR4/ NF-kB signalling up to seven 
days post injury.  

• ω-3 PUFA supplementation reduced brain oedema, 
decreased neuronal apoptosis and improved 
neurological function for up to seven days post-TBI.  

[97] 
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