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Abstract

High mobility group box 1 (HMGB1) is a prototypical danger-associated molecular pattern molecule that is considered a

late mediator of neuro-inflammation after traumatic brain injury (TBI). Prior studies have suggested that targeting

HMGB1 may lead to neuroprotective effects, but none of these studies have reported cognitive outcomes. We hypoth-

esized that loss of HMGB1 before and after TBI would markedly attenuate post-traumatic brain edema, blood–brain

barrier (BBB) permeability, improve functional deficits and long-term neuropathology versus control mice. Using the

controlled cortical impact model and conditional global HMGB1 knockout (HMGB1 KO) mice, we demonstrate that there

was a neuroprotective effect seen in the HMGB1 KO versus wild-type control evidenced by a significant reduction in

contusion volume. However, two surprising findings were 1) the lack of benefit on either post-traumatic brain edema or

BBB permeability, and 2) that spatial memory performance was impaired in HMGB1 KO naı̈ve mice such that the

behavioral effects of HMGB1 deletion in uninjured naı̈ve mice were similar to those observed after TBI. Our data suggest

the possibility that the role of HMGB1 in TBI is a ‘‘double-edged sword’’; that is, despite the benefits on selected aspects

of secondary injury, the sustained absence of HMGB1 may impair cognitive function, even in naı̈ve mice. Given the

pleiotropic actions of extracellular and intracellular HMGB1, when evaluating the potential use of therapies targeting

HMGB1, effects on long-term cognitive outcome should be carefully evaluated. It also may be prudent in future studies to

examine cell-specific effects of manipulating the HMGB1 pathway.
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Introduction

Current estimates from the World Health Organization

suggest that traumatic brain injury (TBI) will be the third

leading cause of death and disability by the year 2020.1 In the last 2

decades, significant attention has been directed towards the innate

immune response after TBI.2 It is now recognized that tissue damage

can trigger the innate immune response via the release of danger-

associated molecular pattern (DAMPs) molecules in TBI.3,4 Wang

and colleagues5 first demonstrated the cytokine-like properties of

high mobility group box 1 (HMGB1) and established HMGB1 as

a prototype for endogenous danger signals or the so-called ‘‘Alar-

mins.’’3,5,6 Alarmins were defined as endogenous intracellular

molecules that 1) are released into the extracellular milieu during

cell death or secreted by viable immune cells, 2) recruit and activate

other immune cells, and 3) maintain homeostasis.3,7 In contrast to

the early pro-inflammatory mediators, active secretion of HMGB1

from monocytes/macrophages begins 6–12 h after exposure to the

inflammatory stimulus.8 Extracellular HMGB1 binds to the pattern

recognition receptors such as the Toll-like receptor (TLR) 2, TLR4,

and receptor for advanced glycation end products (RAGE),9,10

leading to the subsequent production of pro-inflammatory cytokines

and chemokines.11 Both adult and pediatric patients demonstrate

elevated levels of HMGB1 in cerebrospinal fluid (CSF) after severe

TBI, supporting its role in inflammation after injury.12,13

Further corroboration was obtained from animal studies that re-

vealed a significant reduction in cellular HMGB1 in contused brain

tissue with increased expression of RAGE receptor 6 h after injury.14

A possible role of extracellular HMGB1 also was suggested by the

findings of Okuma and colleagues, who noted a reduction in cerebral

edema, reduced lesion volume, and improved motor function in

brain-injured rats that were administered monoclonal antibodies
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targeting HMGB1.15 Similarly, administration of HMGB1 inhibi-

tors led to a reduction in cerebral edema and cortical apoptotic cell

death in rats subjected to TBI.16,17 Therefore, while the precise role

of extracellular HMGB1 remains to be fully defined, it may repre-

sent a sub-acute or delayed mediator of neuroinflammation after

TBI. To further elucidate the role of HMGB1 in TBI, we used

inducible HMGB1 knockout (HMGB1 KO) mice where the

HMGB1 gene was globally deleted after tamoxifen treatment. Given

that prior studies using monoclonal antibodies or drugs to target

HMGB1 suggested neuroprotective effects on both brain edema and

neuronal death, we hypothesized that complete loss of HMGB1

before and after TBI would markedly attenuate early post-traumatic

brain edema, blood–brain barrier (BBB) permeability, improve

functional deficits and long-term neuropathology versus wild-type

(WT) littermate control mice.

Methods

The Institutional Animal Care and Use Committee of the Uni-
versity of Pittsburgh School of Medicine approved the experiments
used in this study. Inducible HMGB1 KO mice (n = 45) and age-
matched WT littermate mice (n = 45) 16–20 weeks of age were
allowed ad libitum food and water and were housed in controlled
environmental conditions until the study began. Mice were ap-
portioned to the two study protocols as described below (i.e., Study
1: assessment of markers of brain edema at 24 h after injury, or
Study 2: assessment of long-term behavioral and neuropathological
outcomes over 21 days).

Generation of inducible global HMGB1 KO mice

Inducible global HMGB1 KO mice were generated because
embryonic deletion was shown to be lethal shortly after birth,18

preventing the in vivo functional study of the HMGB1 gene beyond
this early age. The floxed HMGB1 mouse was generated as previ-
ously described.19 The targeted allele was designed to have two
Lox/P elements inserted into introns 1 and 3. The flanking region of
the two Lox/P elements includes exon 2, comprising the transcrip-
tion initiation codon that covers most of the HMGB1 coding region.
Before generating the chimeric mouse with the correct ES cell

clones, the selection marker, Neo gene cassette, was removed by
in vitro FRP recombination. Therefore, only two short Lox/P ele-
ments remained in the mouse genome. We confirmed that this
modification of the genome did not affect HMGB1 gene expression.

Figure 1 illustrates the HMGB1 allele in wild type, floxed, and
KO cells and shows the analysis of the floxed and KO mice. The
strain used in this study was generated by introducing the inducible
Cre transgene into HMGB1 floxed mice. The transgene is driven by
a ubiquitously active CAG promoter and expresses a Cre and es-
trogen receptor fusion protein. This fusion protein changes its
configuration upon binding to estrogen or an estrogen analog such
as tamoxifen (TM) and translocates into the cell nucleus to excise
the floxed gene. We confirmed that HMGB1 expression was intact
in the inducible global HMGB1 KO mouse until TM administra-
tion. TM was administered to the mice by intraperitoneal injection
and complete absence of HMGB1 protein expression in murine
brain extracts was confirmed 6–7 weeks after TM administration.
An identical approach was taken for the naı̈ve mice assessed in the
behavioral studies (see below). Although HMGB1 deletion in
young mice (less than 3 weeks old) leads to death, deletion in young
adult mice (6 weeks of age or older) was well tolerated.

Controlled cortical impact model of TBI

All experiments were performed in accordance with guidelines
in the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee at the University of Pittsburgh. TBI was
performed using the controlled cortical impact (CCI) model in mice
as previously described20–22 with minor modifications. Briefly,
male mice (12 weeks of age) were anesthetized with 4% isoflurane
(in 2:1 O2/N2O) for induction and then with 1–2% isoflurane
throughout the surgical procedure via a nose cone. Animals were
positioned in a stereotaxic frame, and a needle electrode (Physi-
temp Instruments [MT-29/1HT], Clifton, NJ) was inserted into the
temporalis muscle ipsilateral to the injury to monitor brain tem-
perature.23 A 5-mm craniotomy was performed over the left pari-
etal cortex, the bone flap removed, and brain temperature was
maintained at 37 – 0.5�C for 5 min to confirm normothermia at the
time of TBI. Body temperature also was monitored by a rectal
probe (Physitemp Instruments, Clifton, NJ). Mice were then

FIG. 1. The mouse high mobility group box 1 (HMGB1) gene loci for wild type, floxed, and knockout (KO) mice are shown. The
HMGB1 protein is encoded by four exons and starts from exon 2. Lox/P sequences were placed in introns 1 and 3; therefore, Cre-
mediated recombination deleted exons 2 and 3, including the initiation codon (ATG). The floxed HMGB1 mouse strain was established
to produce a global, inducible HMGB1 KO mouse.
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subjected to vertically directed CCI using a pneumatic cylinder
with a 3-mm tip impounder at a velocity of 5 m/sec and a depth of
1.2 mm producing a moderate-severe level of injury with appreciable
loss of CA1 hippocampal neurons and no mortality. This model was
utilized for studies of brain edema and BBB permeability, and a
severe CCI model (velocity 6 m/sec and a depth of 1.8 mm) was used
for long-term outcome studies. Immediately after the injury, the bone
flap was replaced, sealed with dental cement (Vernon Benshoff,
Albany, NY), and the wound sutured closed. Sensorcaine was
(0.25%) was applied topically to each wound site. Isoflurane was
discontinued, and the mice were placed in an oxygen hood for
30 min, after which they were returned to their cages.

Study 1: Assessment of brain edema and BBB
permeability over the initial 24 h after CCI

Assessment of brain edema. A total of 10 mice (n = 5 per
genotype) were recovered after CCI, returned to their cages and
then sacrificed at 24 h euthanized with isoflurane followed by de-
capitation and their brains were immediately removed and bisected
into left and right hemispheres. Each hemisphere was immediately
weighed (wet weight). Hemispheres were then placed in an oven,
dehydrated at 110�C for 72 h, and re-weighed (dry weight). To
quantify brain edema after TBI, percent brain water (%BW) con-
tent of injured and contralateral hemispheres was determined by the
wet–dry weight method.

Assessment of BBB permeability. In separate mice, at 4 h
after CCI (n = 10 per genotype) mice were re-anesthetized with
isoflurane in oxygen, a femoral venous catheter was surgically
placed, and Evans Blue (a 2% solution, 2.5 mL/kg, intravenous)
was injected. After allowing the mice to recover for an additional
20 h after injection, they were anesthetized with isoflurane in ox-
ygen followed by perfusion with ice cold heparinized normal sa-
line. The brains were immediately removed and bisected into left
and right hemispheres. Each hemisphere was immediately
weighed. Subsequently, the hemispheres were extracted with 3 mL
of N,N-dimethyl formamide at room temperature for 3 days to
allow spectrophotometric quantification (at 620 nm) of the amount
of Evans Blue in the tissue which reflects the extent of BBB per-
meability to albumin as previously described.24 BBB permeability
was quantified in injured (left) and non-injured (right) brain
hemispheres as micrograms of Evans Blue per gram of brain.

Study 2: Assessment of long-term behavioral
and neuropathological outcomes over 21 days

A total of 40 mice were studied in this protocol. To determine if
motor or cognitive performance was altered in HMGB1 KO mice
versus WT, we evaluated the performance of both naı̈ve and injured
mice on these behavioral tasks. Mice were thus randomly divided
into four groups WT (naı̈ve), HMGB1 KO (naı̈ve), WT (CCI) and
HMGB1 KO (CCI), n = 10 per group, respectively.

Assessment of motor function and Morris water maze
(MWM) performance. Analysis of motor function and MWM
spatial memory acquisition was performed as previously de-
scribed.21,24 For mice subjected to CCI, WT and inducible global
HMGB1 KO mice underwent surgery at 6–7 weeks after admin-
istration of TM, following the CCI injury protocol exactly as de-
scribed above (n = 10 in each group). For naı̈ve animals, testing of
WT and KO in the behavioral protocols (as described below)
temporally matched the approach taken for the CCI groups relative
to TM dosing. Motor function was assessed at Days 1–5 after injury
using a beam balance task, with mice trained on Day 0 (pre-injury).
Spatial memory acquisition was assessed using the MWM hidden
platform task on Days 14–18 followed by probe trial. Performance

in the MWM was quantified by measuring latency in finding the
platform and the probe trial was quantified as percent time in the
target quadrant. Visible platform testing was then performed on
Days 19–20 after TBI to confirm that latencies were not con-
founded by visual impairments. Mice whose 20-day visible plat-
form scores were greater than two standard deviations greater than
the sham group (2-day average) were deemed to exhibit visual
impairment and were removed from the study.

Assessment of lesion volume and hemispheric tissue
loss. To assess lesion volume and hemispheric tissue loss, mice
were deeply anesthetized with isoflurane and brains perfused with
50 mL of 0.9% NaCl, followed by 50 mL of 10% buffered formalin
solution via the left ventricle 21 days after TBI (n = 10 per group).
Brains were removed and coronal brain sections (10 lm) were cut
on a cryostat at 0.5-mm intervals and mounted on Superfrost
(Fisher Scientific) slides. Sections were stained with hematoxylin
and eosin (H&E). Contralateral and remaining ipsilateral hemi-
spheric areas were measured using an image analysis system
(MCID Imaging Research, St. Catharines, ON). Volumes were
calculated by multiplying slice area · slice interval thickness and
adding together all slices. Lesion volume was then quantified both
in mm3 and as a percent of the contralateral hemisphere as previ-
ously described.

Assessment of hippocampal neuronal survival. To assess
the role of HMGB1 in neuronal death in the selectively vulnerable
dorsal hippocampus ipsilateral to CCI, separate mice (n = 10 per
genotype) were subjected to CCI (5 m/sec velocity, 1.2 mm depth)
and recovered exactly as previously described. At 24 h after injury,
mice were deeply anesthetized with isoflurane, and brains perfused
with 50 mL of 0.9% NaCl, followed by 50 mL of 10% buffered
formalin solution via the left ventricle. Brains were blocked through
the hippocampus at the center of the lesion and embedded in paraffin.
Section measuring 5 lM were cut in the center of the contusion on a
microtome and stained with H&E. One section was analyzed per
animal and the number of surviving hippocampal neurons in CA1
and CA3 regions were counted in the ipsilateral and contralateral
hemispheres as previously described.20 Results are reported as sur-
viving neurons/0.1 mm. Only neurons with visible nuclei were
counted; shrunken or pyknotic cells were excluded from cell counts.

Western blot analysis. Brain tissue was homogenized using
500 lL of lysis buffer (0.1M sodium chloride, 0.01M Tris-Cl pH
7.6, 0.01M EDTA, protease inhibitors, and PMSF). Protein con-
centrations were analyzed using the BCA assay. Samples were
prepared in Laemmli loading buffer and were loaded onto SDS-
PAGE gels. Proteins were subsequently transferred to polyvinylidene
difluoride (PVDF) membranes (GE Healthcare, Buckinghamshire,
UK), and blocked with 5% non-fat dried milk in PBS for 1 h. Pri-
mary polyclonal mouse HMGB1 antibody (1:500; R&D Systems,
Minneapolis, MN) and b-actin (1:500, Sigma-Aldrich) were used
for Western blot. After washing twice with phosphate-buffered
saline (PBS) containing 0.5% Tween 20 (PBST), secondary anti-
body (horseradish peroxidase-conjugated rabbit anti-mouse im-
munoglobulin G; Sigma-Aldrich) was applied at 1:10,000 dilution
for 1 h. Blots were washed in PBST thrice for 10 min, incubated in
Enhanced Chemiluminescence Reagent (GE Healthcare, Buck-
inghamshire, UK), and used to expose x-ray film (GE Healthcare).

Statistical analysis

All data are expressed as mean – standard error of the mean.
One-way analysis of variance followed by the post hoc Student-
Newman-Keuls test was used to determine the differences among
multiple groups. The Mann–Whitney U test was applied on small-
size comparisons with non-normal distributions between groups.
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The t test was applied only on experiments with normal distribu-
tions between the comparison groups. A p value <0.05 was con-
sidered statistically significant.

Results

As embryonic deletion of HMGB1 is lethal, we generated an

inducible HMGB1-/- mouse strain where the HMGB1 gene was

globally deleted after tamoxifen treatment (Fig. 1 and Fig. 2). As

shown in Figure 2, tamoxifen treatment lead to a near complete and

sustained loss of HMGB1 expression in the murine brain.

Study 1: Assessment of brain edema and BBB
permeability over the initial 24 h after CCI

Brain edema. Measurement of %BW is a gold standard ap-

proach to quantifying brain edema after TBI in pre-clinical studies.

Although a highly significant increase in %BW was seen in the

injured hemisphere at 24 h after CCI, as previously reported in this

model, there was no difference noted in the %BW in the ipsilateral

(injured) hemisphere of the WT versus the HMGB1 KO (79.46 –
0.58% vs. 79.45 – 0.51%, respectively; p = 0.86). Similarly, no dif-

ference was noted in %BW in the contralateral hemisphere of WT

versus HMGB1 KO mice (77.61 – 0.16% vs. 77.81 – 0.0.22%, re-

spectively; p = 0.15; Fig. 3A). Of note, in numerous reports, %BW

levels are not elevated in the hemisphere contralateral to injury in

the CCI model, and the levels reported in these mice are again

consistent with that finding in both WT and KO.25,26

BBB permeability. Evans Blue dye has been used to inves-

tigate BBB permeability following TBI, and as applied in this

model, serves as a surrogate for assessment of BBB permeability to

albumin.24 Using this method, we assessed BBB permeability over

a 20 h epoch, namely, between 4 and 24 h after CCI. Despite ob-

vious BBB extravasation into the injured hemisphere, once again,

we noted that there was no significant difference in BBB perme-

ability on the ipsilateral side in the injured WT versus HMGB1 KO

mice (1.30 – 0.09 vs. 1.74 – 0.26 mcg Evans Blue/gm tissue

p = 0.27; Fig. 3B). Similarly, there was no significant difference

in BBB permeability on the contralateral side in the WT versus

HMGB1 KO mice (0.015 – 0.02 vs. 0.15 – 0.08 mcg Evans Blue/

gm tissue p = 0.18). Together, these results suggest that absence of

HMGB1 did not lead to a significant reduction in either brain edema

or BBB permeability at 24 h after CCI.

Study 2: Assessment of behavioral
and neuropathological outcomes over 21 days

Behavioral outcomes. Beam balance performance was as-

sessed in naı̈ve WT and HMGB1 KO mice, and in WT and HMGB1

FIG. 2. Representative Western blot radiographs of whole murine brain extracts of high mobility group box 1 (HMGB1) knockout
(KO) and wild-type (WT) mice after controlled cortical impact (CCI), with b-actin as a loading control.

FIG. 3. Bar graphs demonstrating comparisons of (A) percent brain water (%BW) as a measure of brain edema (n = 5 per genotype),
and (B) Evans blue dye test to investigate blood–brain barrier (BBB) permeability in a controlled cortical impact (CCI) model in wild-
type (WT) and high mobility group box 1 (HMGB1) knockout (KO) mice (n = 10 per genotype). Overall, no significant difference was
noted in %BW and Evans blue dye leakage in both the ipsilateral and contralateral hemisphere in the HMGB1 KO mice, compared with
the WT mice ( p > 0.05).
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KO mice on Days 1–5 after CCI. Both WT and HMGB1 KO mice

exhibited decreased latencies on the beam balance task on Day 1

post-injury versus pre-injury baseline or naı̈ve. While latencies

gradually improved for both groups on Days 2–5 after CCI, there

was no significant difference in the overall performance between

the injured WT and HMGB1 KO mice (Fig. 4A).

Spatial memory acquisition was tested using the MWM on Days

14–18 after CCI and on the identical days after TM dosing in naı̈ve

animals. Figure 4B reveals that there were significant increases

noted in the submerged platform latencies for naı̈ve HMGB1 KO

versus naive WT mice on Days 15–18 of testing—implying im-

paired learning on the MWM in naı̈ve HMGB1 KO mice. After

CCI, MWM latencies also were increased on Days 15–18 in both

WT and HMGB1 KO mice. However, there was no difference

between WT and HMGB1 KO groups after injury. Surprisingly, the

prolonged latency in the naı̈ve HMGB1 KO mice was comparable

to the latencies observed in both the WT and KO groups after TBI.

To discriminate between spatial and non-spatial strategies, mice

were given a probe test (Fig. 4C). The % time in target quadrant was

significantly different between the HMGB1 naı̈ve and WT naı̈ve

groups (12.60 – 3.7% vs. 35.20 – 8.09; P = 0.02, respectively) con-

sistent with the impairment seen in the KO in the hidden platform

testing. Similarly, the % time in the target quadrant in WT and

HMGB1 KO mice (6.8 – 2.0% vs. 7.8 – 3.0%, respectively) were

markedly reduced versus naı̈ve WT ( p < 0.05) but did not differ

between genotypes after TBI—and once again, the level of im-

pairment after TBI was similar to that seen in the naı̈ve HMGB1 KO.

Swim speeds were equal between groups, indicating that there was

no motor impairment during spatial memory testing (data not

shown). Visible platform latencies for both naı̈ve mice and mice after

CCI are shown in Figure 4B. An increase in latency was seen on Day

20 after CCI in the HMGB1 KO ( p < 0.05 vs. all other groups).

Taken together, these data illustrate that motor function is pre-

served in naı̈ve HMGB1 KO mice and is impaired after TBI to a

similar level in both genotypes. In contrast, deletion of HMGB1

impaired performance on the MWM in naı̈ve mice, although the

impairments in performance after TBI on both the hidden platform

task and probe trial were similar between genotypes after injury.

FIG. 4. Behavioral outcomes after controlled cortical impact (CCI), in wild-type (WT) and high mobility group box 1 (HMGB1)
knockout (KO) mice (n = 10 per genotype) are demonstrated by (A) beam balance test (B) spatial memory performance in the Morris
water maze (MWM) acquisition paradigm, and (C) probe trail. (A) Both WT and HMGB1 KO mice exhibited decreased latencies on the
beam balance task on Day 1 post-injury and improved on Days 2–5 after CCI (*p = 0.047 compared with the TBI group). (B) Naı̈ve
HMGB1 KO mice demonstrated significant impairment in learning on the MWM 14–18 days post-injury, which was comparable to the
prolonged latencies noted in both the WT and HMGB1 KO groups after TBI (*p = 0.02 compared with WT naı̈ve; **p = 0.000 compared
with the TBI group). A visible platform task was performed on Days 19–20 post-injury. (C) Probe test was performed on Days 19–20
post-injury and % time in target quadrant was significantly prolonged in WT naı̈ve group compared with HMGB1 KO naı̈ve and post-
injury WT and HMGB1 KO mice (*p < 0.05).
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Lesion volume and hemispheric tissue loss. To examine

whether absence of HMGB1 could attenuate tissue injury induced

by TBI, lesion volumes were measured in WT and HMGB1 KO

mice at 21 days after TBI (Fig. 5A, 5B). The mean lesion volume in

traumatized HMGB1 KO mice was significantly less than WT mice

(20.53 – 2.17 vs. 23.06 – 2.10 mm3; p = 0.039). Similarly, when

indexed to the contralateral hemisphere, the lesion volume was

significantly smaller in HMGB1 KO mice as compared to WT mice

(15.69 – 1.45 vs. 17.51 – 1.44 %).

Hemispheric tissue loss was also assessed in both WT and

HMGB1 KO mice at 21 days after TBI (Fig. 5E). There was no

significant difference in hemispheric tissue loss between HMGB1

KO versus WT (21.87 – 0.557 vs. 22.95 – 0.78 mm3; p = 0.34).

Hippocampal neuronal survival. To examine if the absence

of HMGB1 could protect hippocampal neurons following TBI,

mice were sacrificed at 24 h post-TBI, and the number of surviving

neurons in the hippocampus were counted in the CA1 and CA3

regions of the contralateral and ipsilateral hemispheres. There was

no difference in the number of surviving CA1 and CA3 hippo-

campal neurons in the contralateral hemisphere in the HMGB1 KO

versus WT mice (CA1: 24.3– 0.42 vs. 24.4 – 0.95 cells/0.1 mm;

p = 0.9; CA3: 19.2 – 0.55 vs. 16.9– 0.69 cells/0.1 mm; p = 0.09, re-

spectively). As anticipated, the number of surviving CA1 hippocampal

neurons were reduced in the ipsilateral hemisphere after CCI, but

the number was comparable in the HMGB1 KO and WT mice

(4.3 – 1.1 vs. 4.4 – 0.8 cells/0.1 mm; p = 0.93, respectively). Once

again, as anticipated, the number of surviving CA3 hippocampal

neurons were reduced in the ipsilateral hemisphere after CCI, but

the number did not significantly differ between the HMGB1 KO

and WT mice (2.1 – 0.72 vs. 0.69 – 0.42 cells/0.1 mm; p = 0.07,

respectively; Fig. 6). Together, these data suggest that absence of

HMGB1 results in a significant reduction in contusion volume

assessed at 21 days after injury without a significant improvement

in hippocampal neuronal survival in either CA1 or CA3.

Discussion

Understanding and selectively targeting the neuroinflammatory

response that is initiated within the first few hours after TBI has the

potential to make a significant impact in limiting secondary tis-

sue damage and promoting recovery.27 Since the seminal work of

Matzinger,28 HMGB1 biology has emerged as a rapidly expanding

field of basic and clinical research. Since constitutive HMGB1-/-

FIG. 5. Lesion and hemispheric volume after controlled cortical impact (CCI; n = 10 per genotype). Twenty-one days after CCI, brains
were removed, sectioned and stained with hematoxylin and eosin (H&E; A and B) and analyzed for lesion size (C-E). (A) and (B)
demonstrate histological appearance of hippocampal injury in wild-type (WT) and high mobility group box 1 (HMGB1) knockout (KO)
mice, respectively. (C) Representative photographs of murine brains showing Evan’s blue extravasation at 24 h. (D) and (E) Lesion
volume for HMGB1 KO mice was significantly smaller than WT mice even when indexed to the contralateral hemisphere. Hemispheric
volume loss in the HMGB1 KO mice did not differ significantly vs. WT ( p = 0.34).
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mice are non-viable, we used inducible HMGB1 KO mice to

characterize the role of HMGB1 in TBI. There were three signifi-

cant findings in our study. First, consistent with prior reports, an

absence of HMGB1 is neuroprotective and results in significant

decrease in lesion volume. Second, remarkably, naı̈ve global

HMGB1 KO mice demonstrated impairments in spatial memory

acquisition and probe trial performance on the MWM versus WT

to a level similar as that seen after a relatively severe CCI in WT.

However, after CCI, MWM performance was impaired to a similar

level in WT and HMGB1 KO mice. Third, despite prior publica-

tions in pre-clinical models of TBI strongly supporting a role for

HMGB1 inhibition in contributing to brain edema and BBB per-

meability after injury, we saw no difference in either brain edema

or BBB permeability in HMGB1 KO versus WT mice at 24 h after

injury. Each of these observations merits discussion.

To the best of our knowledge, this is the first report that used

inducible global HMGB1 KO mice to help characterize the role of

HMGB1 in the inflammatory response after TBI. Previous studies

in this field have demonstrated that neuronal HMGB1 is released

into extracellular space after trauma, diffuses into the surrounding

areas including the blood stream and CSF, and that inhibition of

HMGB1 with either monoclonal antibodies or drugs led to im-

provement in brain edema and outcomes.15–17 These prior studies

treated the injured animals early after injury with various anti-

HMGB1 therapeutic agents; however, it is notable that no cognitive

testing was assessed in those studies. Our findings thus appear to

address a vital gap in the literature regarding the effects of HMGB1

in the central nervous system (CNS), using a selective approach

to target HMGB1 along with classical tools to assess outcome in

pre-clinical models of TBI (%BW, MWM testing, and volumetric

analyses), and suggest some degree of neuroprotection (tissue

sparing), but a surprising lack of benefit on brain edema and BBB

permeability, and unanticipated behavioral deficits even before

injury.

Global inducible HMGB1 KO mice
are neuroprotected versus WT

The pro-inflammatory response that is initiated after TBI includes

the release of HMGB1 that acts as a ligand for TLR2, TLR4, and

RAGE. Further downstream, there is activation of several MAPKs

and NF-jB, and the subsequent release of the classic pro-

inflammatory cytokines to activate resident glial cells (microglia and

astrocytes).29 Numerous studies have demonstrated that genetic or

pharmacological inhibition of TLR4 in an animal model attenuates

secondary damage after TBI with abrogation of the pro-inflammatory

response and subsequent improvement in recovery.12,30,31 Corro-

borating this postulate, TLR4-deficient mice have smaller lesions and

less inflammatory response after TBI.32 Our results agree with this

hypothesis and demonstrate that HMGB1, a TLR4 ligand, is a det-

rimental neuroinflammatory participant in the secondary injury re-

sponse since the loss of HMGB1 led to a significant reduction in the

lesion volume. Our study was not powered adequately to test the

hypothesis as to whether CA3 hippocampal neurons were spared

after injury in our model. Based on the trend that we observed,

additional studies targeting that endpoint are warranted, particularly

given the fact that hippocampal injury is well known to contribute to

deficits in cognitive outcome.

Failure of HMGB1 KO to alter post-traumatic
brain edema or BBB permeability

We also did not observe any difference in brain edema or BBB

permeability in HMGB1 KO mice versus WT after CCI. Brain

edema is complex after TBI and can result from vasogenic,

FIG. 6. Representative microphotographs stained with hematoxylin and eosin (H&E), depicting the CA1 (A) and CA3 (B) hippo-
campal subfield in wild-type (WT) and high mobility group box 1 (HMGB1) knockout (KO) mice at 21 days post–controlled cortical
impact (CCI; n = 10 per genotype). No statistically significant difference was noted in neuronal survival between WT and HMGB1 KO
mice in the CA1 or CA3 hippocampus ( p = 0.07).
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cytotoxic, and contusional (osmolar) mechanisms33 and a variety of

water channels including both aquaporin-4 (AQP4) and transient

receptor potential cation channel subfamily M member 4. HMGB1

has been suggested to play a key role via TLR4 in upregulating

AQP4, since TLR4 antagonism blunted both AQP4 expression and

brain edema after CCI in mice as described by Laird and col-

leagues.12 However, in that report, direct effects HMGB1 antago-

nism were not tested, and it is possible that other DAMPs could

have been responsible for upregulating TLR4. Thus, although the

loss of HMGB1 can blunt some aspects of the inflammatory re-

sponse and secondary injury, the loss may not be sufficient to

eliminate BBB permeability, AQP4 up-regulation, and brain ede-

ma. However, in recent studies, we did not observe a reduction in

brain edema in rats treated with a novel AQP4 antagonist after CCI

in rats.34 Other pathways for edema formation may be operating

after CCI. Similarly, issues such as cell type, timing, and model

differences may be operating. In any case, taken together, our work

and the work of Laird and colleagues12 suggest that there may be a

more robust role for TLR4 than HMGB1 in the development of

brain edema and BBB damage in the specific setting of cerebral

contusion, as modeled by CCI. Further study is needed of DAMPS

and TLR4 signaling after TBI in this regard.

Cognitive impairment in global
inducible HMGB1 KO mice

In contrast to the beneficial effects of loss of HMGB1 on tissue

sparing after TBI, naı̈ve HMGB1 KO mice exhibited impairment of

MWM performance on both the hidden platform paradigm and the

probe trial. The effect on spatial learning in naı̈ve mice was similar

to the behavioral deficits produced by a severe level of CCI itself.

Curiously, cognitive outcomes have not been reported by other

authors that used pharmacological blockade of HMGB1 in the

animals that were subjected to TBI.15–17 We believe that these

findings could be important.

HMGB1 is highly expressed in the CNS and plays an important

role in both neurogenesis and gliogenesis in brain development.35

Also, our findings of impaired spatial learning with HMGB1 mirror

those in previous studies on TLR4-/- mice.36 Hence, it is plausible

that deletion of HMGB1, a TLR4 ligand, might lead to changes in

TLR4 axis signaling that subsequently results in altered neuro-

genesis and acquired learning defects. Future studies in site-specific

HMGB1 KO mice across various cell types in the CNS including

neurons, astrocytes, and/or microglia could help better characterize

this phenomenon, and contributed to more targeted therapies ad-

dressing the HMGB1–TLR4 axis.

It also was interesting in our results that TBI in the HMGB1 KO

did not significantly impair MWM performance in either acquisi-

tion or probe performance versus that seen in naı̈ve HMGB1 KO

mice, and that MWM performance was not different in WT and

HMGB1 KO mice after CCI. One might argue that—given the

substantial decrement of MWM performance at baseline in HMGB1

KO mice—that the deficit after TBI might have been expected to be

even more marked. However, we specifically chose a severe CCI

injury level for these studies anticipating improved function after

injury—and thus there was in fact a rather limited chance to dem-

onstrated further increases in latency, which were already near

maximal in the naı̈ve HMGB1 KO.

We also observed that 20 days after CCI, the performance of

HMGB1 KO mice on the visible platform task was impaired. This

finding is similar to the impairment in MWM and visible platform

performance seen in the inducible nitric oxide synthase (iNOS)

mouse that we reported in 1999.21 It may be more than coincidence

that subsequent work by other laboratories demonstrated that

iNOS, another participant in the inflammatory response to TBI, is

essential to neurogenesis after acute brain injury,37 and confers

other endogenous neuroprotectant effects.38 The impairment in

visible platform testing was not seen in naı̈ve HMGB1 KO mice,

supporting the notion that our findings relevant to MWM perfor-

mance in naı̈ve mice were not confounded by visual deficits. In any

case, our data strongly suggest that inducible HMGB1 KO mice

merit evaluation across a broad battery of behavioral tasks to more

fully characterize any deficits that are present, and an assessment of

the impact of the loss of HMGB1 on neurogenesis is needed. Future

directions include interrogation of the loss of HMGB1 in a cell-

specific manner since the impact of HMGB1 KO on neurons, glia,

or the cerebral microcirculation could confer differential effects

that might have important mechanistic and therapeutic relevance.

Unlike the effects seen on cognitive function, we did not observe

a decrement in motor testing. We also, however, did not detect any

benefit on motor testing after TBI in the HMGB1 KO versus WT,

which would have been anticipated based on the reports testing

antibodies or drugs targeting HMGB1. It is unclear why benefit

after TBI in the HMGB1 KO was restricted to tissue sparing.

Species differences could possibly play a role given that the both

the work of Okuma and colleagues15 and Gu and colleagues17

studied rats rather than mice. Model differences, (CCI vs. fluid

percussion vs. weight drop) and differences in injury severity also

could play a role. We also did not administer control antibodies and

our KO targeted HMG1 in all cell types—while the specific cell

types targeted and/or accessible to monoclonal antibodies or drugs

could differ. Finally, we recognize that HMGB1-Cre mice that did

not receive TM would represent an additional control group for this

study and further help in delineating the role of HMGB1 in TBI,

and should be pursued in future studies.

Potential implications of this work for TBI
and to the broader context of HMGB1
targeting therapeutics

It is thus tempting now to speculate on the role of HMGB1 in

TBI as a ‘‘double-edged sword,’’ such that despite the benefits

on various aspects of secondary injury, the sustained absence of

HMGB1 can profoundly impair cognitive function, even in naı̈ve

mice. HMGB1 is a multi-functional protein, and its biological ac-

tivity depends on the location, context and post-translational

modification.39 For example, rats that survived cecal ligation and

puncture to induce sepsis demonstrated increased circulating serum

HMGB1 levels that were associated with selective memory im-

pairment. Further, administration of HMGB1 monoclonal antibody

in the peri-operative period alleviated the memory deficit.40 How-

ever, cognitive testing in the setting of extracerebral derangements

during sepsis likely differ importantly from those produced during

testing in naı̈ve mice or after TBI. Thus, although the neuroin-

flammation is reduced by treatment with anti-HMGB1 monoclonal

antibodies, the degree, location, and duration of HMGB1 blockade

required to confer benefit on behavioral outcomes is complex and

may vary across insult etiologies.

In contrast, the vital role of intracellular HMGB1 is evident in

HMGB1 KO mice that present with glucose dysregulation, multi-

organ failure and a diminished life-span.41 Further, HMGB1 is

highly expressed in early embryonic brain and is critical for fore-

brain development as it regulates the proliferation of neural pro-

genitors.42 Even though the mice used in our study were fully
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developed (16–20 weeks), it is recognized that HMGB1 is required

for the important intracellular functions in neural progenitor reg-

ulation, a possibility that warrants further studies. Our findings,

thus, have potential relevance beyond TBI, specifically, to any

condition in which HMGB1 is being therapeutically targeted—

particularly with sustained therapy. Insights gleaned from this

study raise an interesting question as to whether the deployment of

anti-HMGB1 strategies for prolonged periods of time are associ-

ated with an adverse risk-to-benefit ratio. More studies need to be

conducted to define and limit the therapeutic window during which

the use of such strategies is beneficial and aids in the amelioration

of the acute disease process.

The discovery of HMGB1 as a late mediator sparked the quest

for therapeutic agents that target the late inflammatory response

to inflammation. To date, remarkably few therapeutic inhibitors

of HMGB1 release have been discovered.43,44 With such limited

number of clinically efficacious inhibitors available, a renewed

focus is required on discovery of new therapeutic agents and

strategies to pinpoint the therapeutic window to target inflamma-

tion. Based on our findings, there are important questions that still

need to be addressed about the role of HMGB1 signaling in the

innate immune response after TBI and other diseases. How does

the absence of HMGB1 lead to spatial learning impairment? Are

the effects of HMGB1 deletion on spatial learning long lasting or

transient? Which cell types in the CNS are involved? Finally, how

long should anti-HMGB1 therapies be deployed in TBI or other

conditions for a favorable risk-benefit ratio?

Conclusions

Here, we show an unexpected outcome of spatial learning im-

pairment in naı̈ve global inducible HMGB1 KO mice, such that

developmental behavioral effects of HMGB1 deletion in naı̈ve

mice were similar to those seen after TBI. Mirroring prior reports

using HMGB1 antagonists, we noted that HMGB1 deletion is

protective in terms of lesion volume after TBI. However, we did not

observe a significant benefit on post-traumatic brain edema and

BBB permeability, contrasting prior reports. Our data suggest that

HMGB1 may be a dual-edged sword after acute brain injury and

that the duration of anti-HMGB1 therapies should be carefully

considered if these treatments are to be included in the armamen-

tarium for therapeutic purposes in TBI and other conditions.
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