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Abstract
High-mobility group box-1 (HMGB1) is a nuclear protein with cytokine-type functions upon its
extracellular release. HMGB1 activates inflammatory pathways by stimulating multiple receptors,
chiefly toll-like receptor 4 (TLR4) and Receptor for Advanced Glycation End Products (RAGE).
TLR4 and RAGE activation has been implicated in memory impairments, although the
endogenous ligand subserving these effects is unknown. We examined whether HMGB1 induced
memory deficits using novel object recognition test, and which of the two receptor pathways was
involved in these effects. Non-spatial long-term memory was examined in wild type, TLR4
knockout, and RAGE knockout mice. Recombinant HMGB1 (10 μg, intracerebroventricularly,
i.c.v.) disrupted memory encoding equipotently in wild type, TLR4 knockout and RAGE knockout
animals, but affected neither memory consolidation, nor retrieval. Neither TLR4 knockout nor
RAGE knockout mice per se, exhibited memory deficits. Blockade of TLR4 in RAGE knockout
mice using Rhodobacter sphaeroides lipopolysaccharide (LPS-Rs; 20 μg, i.c.v.) prevented the
detrimental effect of HMGB1 on memory. These data show that elevated brain levels of HMGB1
induce memory abnormalities which may be mediated by either TLR4, or RAGE. This mechanism
may contribute to memory deficits under various neurological and psychiatric conditions
associated with the increased HMGB1 levels, such as epilepsy, Alzeheimer’s disease and stroke.
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Introduction
High-mobility group box-1 (HMGB1) is a non-histone nuclear protein, which belongs to a
class of molecules named damage-associated molecular patterns (DAMPs). Cytokine-type
functions of HMGB1 have been described upon its nuclear-to-cytoplasmatic translocation
and its subsequent cellular release (Hock et al., 2007; Muller et al., 2004; Maroso et al,
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2010). HMGB1 can be either passively released from cells undergoing injury, or can be
actively secreted by cells under stressful conditions (Bonaldi et al., 2003; Gauley and
Pisetsky, 2009; Scaffidi et al., 2002; Youn and Shin, 2006). Its function as a danger signal is
to alert the microenvironment of imminent or ongoing pathological threats to activate
homeostatic programs. However, excessive HMGB1 release has been associated with both
acute and chronic tissue injury and dysfunction (Bianchi and Manfredi, 2007). Biological
effects of extracellular HMGB1 are mediated by the activation of signaling pathways
coupled to toll-like receptors (TLR), including TLR4 and TLR2, and Receptor for Advanced
Glycation End Products (RAGE) both of which are involved in inflammatory responses
(Park et al., 2004; Yang et al., 2010; Rauvala and Rouhiainen, 2010; Volz et al., 2010).

In the CNS, RAGE–mediated inflammatory pathways have been implicated in memory
deficits in Alzheimer’s disease (Arancio et al., 2004; Fang et al., 2010; Maczurek et al.,
2008; Wilson et al., 2009). Particularly, it has been suggested that RAGE acts as a co-factor
for Abeta–induced neuronal perturbation, which ultimately leads to learning and memory
abnormalities (Arancio et al., 2004). TLR4 has been implicated in Abeta–induced
inflammation, although evidence for the direct involvement of TLR4 in memory
impairments in Alzheimer’s disease is lacking (Buchanan et al., 2010). However, direct
stimulation of TLR4 by its exogenous ligand lipopolysaccharide (LPS, a major outer
membrane component of Gram-negative bacteria, Lien et al., 2000) has been reported to
produce both immediate and long-term memory deficits (Jacewicz et al., 2009; Tarr et al.,
2011; Terrando et al., 2010) which are likely mediated by interleukin (IL)-1β (Goshen and
Yirmiya, 2009) and/or tumor necrosis factor-α (Riazi et al, 2010). Furthermore, impaired
long-term potentiation and memory in mutant mice lacking single-Ig-IL-1 related receptor
(SIGIRR) was attributed to the TLR4 over-stimulation by HMGB1 (Costello et al., 2011).
Therefore, it is conceivable that one of the consequences of the increased levels of HMGB1
may be impairment of learning and memory, and that such impairment is mediated by both
TLR4 and RAGE.

While learning and memory abnormalities represent a hallmark of Alzheimer’s disease, they
also frequently accompany other CNS disorders, such as temporal lobe epilepsy (TLE;
Butler and Zeman, 2008; Giovagnoli and Avanzini, 1999), Parkinson’s disease (Kehagia et
al., 2010), chronic sequela of stroke (Anderson and Arciniegas, 2010) and traumatic brain
injury (Lajiness-O’Neill et al., 2010); notably, HMGB1 levels are increased in all these
conditions in brain areas relevant to the pathology (Kobori et al., 2002; Lindersson et al.,
2004; Maroso et al., 2010; Yang et al., 2010). Therefore, putative detrimental effects of
HMGB1 on memory may have broad clinical implications.

In the present study, we examined the effects of CNS administration of recombinant
HMGB1 at pathophysiologically relevant concentration on the encoding, consolidation and
retrieval of non-spatial memory in wild type (WT) mice, using novel object recognition test
(NORT; Ennaceur and Delacour, 1988). We also examined which of the two pathways (i.e.
TLR4 or RAGE) is primarily involved in these putative impairments, using transgenic mice
lacking either TLR4 or RAGE.

Materials and methods
Animals

The experiments were performed in 11 weeks old wild type (WT) C57BL6 male mice
(Charles River), and in age-matched male C57BL6 TLR4 knockout (TLR4-/-) and RAGE
knockout (RAGE-/-) mice. The generation of a RAGE-/- mouse line has been described in
detail (Liliensiek, B. et al. 2004; Andrassy et al., 2008). TLR4 KO mice were developed by
The Jackson Laboratories (Strain Name: C57BL/10ScNJ). C57BL6 mice have a deletion of
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the Tlr4 gene that results in absence of both mRNA and protein, thus in the lack of the
response to LPS stimulation. Knockout mice colonies were maintained in SPF facilities at
Mario Negri Institute. Mice were housed at a constant room temperature (23°C) and relative
humidity (60 ± 5%) with free access to food and water and a fixed 12 h light/dark cycle. All
experimental procedures were conducted in conformity with institutional guidelines that are
in compliance with national (D.L.n.116, G.U., Suppl 40, February 18, 1992) and
international guidelines and laws (EEC Council Directive 86/609, OJ L 358, 1, December
12, 1987, Guide for the Care and Use of Laboratory Animals, U.S. National Research
Council,1996).

Surgery
Under equithesin anesthesia (1% phenobarbital and 4% chloralhydrate; 3 ml/kg,
intraperitoneally), mice were stereotaxically implanted with a 6 mm–long guide cannula
(22-gauge) positioned on the dura mater over the lateral brain ventricle (from Bregma:
anterior-posterior 0 mm; left- 1.0 mm; Paxinos and Franklin, 2001). Mice were allowed to
recover for 5-7 days after surgery.

Novel object recognition test (NORT)
This test was used to study the effects of HMGB1 on the encoding, consolidation and
retrieval of long-term non-spatial object memory, as described earlier (Balducci et al.,
2010). The test was performed in the open-square gray arena (40×40cm) surrounded by 30-
cm high wall, with the floor divided into 25 equal squares by black lines. Mouse behavior
was remotely monitored via video camera. All experiments began between 9:00 and 10:00.
Twenty-four hours prior to the test, mice were allowed to habituate in the arena for 5 min.
The test proper began on the next day with the familiarization phase, when mice were placed
into the open field for 10 min in the presence of two identical objects positioned in internal
non-adjacent squares. The following objects were randomly used: black plastic cylinders
(4×5 cm); transparent scintillation vials with white cups (3×6 cm); metal cubes (3×5 cm);
plastic black pyramids (4×5 cm). Cumulative exploration time of both objects and of each
object separately was recorded. Exploration was defined as sniffing, touching, and stretching
the head toward the object at a distance not more than 2 cm. Twenty four hours after
familiarization, recognition phase of the test was performed: mice were placed for 10 min in
the open field, which contained one object presented during the familiarization phase
(familiar object), and a novel unfamiliar object

Time spent exploring familiar and novel objects, as well as cumulative exploration time (i.e.
familiar+novel) was recorded. Novel object recognition was quantified using the novel
object preference index: the time spent exploring novel object divided by the sum of time
spent exploring familiar object plus the time spent exploring novel object (Okun et al.,
2010).

Treatments
All drugs were dissolved in saline and injected into the lateral brain ventricle (i.c.v.) using
Hamilton microsyringe connected to the 31-gauge needle, 9 mm long (i.e. protruding 3 mm
from the bottom of the guide cannula). We used HMGB1 (manufactured by HMGBiotech
Srl, Milan, Italy) produced in E. coli from an expression plasmid coding for the rat protein
(accession number AAH88402). Rat and mouse HMGB1 are identical, with the exception of
Ser (rat)- Leu (mouse) in the 100th position (Bianchi et al., 1989; Ferrari et al., 1994). Rat
HMGB1 has been proven functional in the mouse in vivo (e.g. Limana et al., 2011, Maroso
et al., 2010). HMGB1 was injected in the amount of 10 μg in 2 μl of saline at a rate 1 μl/min.
Our studies established that, when injected either into the hippocampus (Maroso et al., 2010)
or i.c.v. (personal unpublished data) at 10 μg, HMGB1 accelerated the onset and increased
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the frequency of kainic acid- induced seizures, thus suggesting that the selected dose, and
the route of administration, were relevant for mimicking pathophysiological consequences
of the increased extracellular levels of HMGB1. Control treatment consisted of the injection
of 2 μl saline.

Experimental design is presented in Fig. 1. In the memory encoding study, HMGB1 was
administered 20 min prior to the familiarization phase of the NORT; in the consolidation
study, HMGB1 was injected immediately after the end of familiarization phase. To examine
the effects of HMGB1 on memory retrieval, the compound was injected 20 min prior to the
recognition phase.

In order to examine whether the effects of HMGB1 on memory were reversible, a group of
WT animals, which had been used in memory encoding studies (i.e. HMGB1 injected prior
to the familiarization phase), were retested 1 week after the initial NORT; all objects used in
both familiarization and recognition phases were different from those presented during the
first NORT.

In separate sets of memory encoding experiments, WT and RAGE-/- mice were injected
i.c.v. with a TLR4 antagonist, Rhodobacter sphaeroides lipopolysaccharide (LPS-Rs;
Sigma, St Louis, MO; Aida et al., 1995; Qureshi, 1999; Campos et al., 2004; Jarvis et al.,
1997; Kutuzova et al., 2001; Maroso et al., 2010). LPS-Rs was dissolved in saline and was
injected the amount of 20 μg in 2 μl, i.c.v., 5 min prior to 10 μg HMGB1, before the
familiarization phase; the approximate LPS-Rs : HMGB1 molar ratio was 4:1. Control
animals received 2 saline injections, 5 min apart. Another separate group of WT animals
received an i.c.v. injection of LPS (from Escherichia coli serotype 055:B5; Sigma) in the
amount of 10 pg in 2 μl, 20 minutes prior to the familiarization phase.

Data analysis
Data were analyzed using Prizm 4 software (GraphPad, San Diego, CA). Sample sizes and
statistical tests are indicated in respective results sections and/or figure legends.

Results
Effects of HMGB1 in Wild-Type mice

Administration of HMGB1 in WT mice 20 min prior to the familiarization phase of NORT
(Fig. 1A) significantly reduced total time of object exploration as compared with saline-
treated animals (saline- 25±1.4 s; HMGB1- 12.2±0.7 sec; p<0.05). The reduced object
exploratory behavior induced by HMGB1 was not a result of changes in spontaneous motor
activity, since the number of crossed squares in the open field was not affected by the
HMGB1 injection (saline- 190±13; HMGB1- 172±12.5, p>0.05).

During the recognition phase of NORT (Fig. 1C), performed 24 h after the familiarization
phase, control mice (i.e. receiving saline prior to the familiarization phase) spent
significantly more time exploring the novel object, as compared with the familiar one
(approximately 70% and 30% of total exploration time respectively), yielding a novel object
preference index of 0.72±0.02 (Fig. 2A, “Encoding”). By contrast, mice injected with
HMGB1 prior to the familiarization phase, spent statistically equal time exploring
previously presented and novel objects; hence the novel object preference index was
0.5±0.015 (Fig. 2A, “Encoding”). Such pattern of exploratory behavior suggested
impairments in the encoding of long-term memory. Total exploration time during the
recognition phase was similar between HMGB1-treated and control animals (saline-
15.1±2.0 s; HMGB- 15.2±1.6 s, p>0.05). The memory encoding impairment induced by
HMGB1 was transient, since the performance of HMGB1-treated mice did not significantly
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differ from that of control animals when the same mice were re-trained with new objects one
week after the HMGB1 administration (Fig. 2A; “Retraining”).

To exclude the possibility that the reduced preference index during the recognition phase in
HMGB1 pre-treated mice was a consequence of their reduced objects exploration time
during the familiarization phase, in a separately performed experiment we discontinued the
object exploration once the total exploration time for each mouse reached 12 s (i.e. the
average exploration time of HMGB1-pretreated mice during object familiarization phase).
Despite such truncated object exploration time, the novel object preference index was not
statistically different from that observed in mice that underwent regular NORT (Table 1).
Therefore, it was unlikely that the impaired object recognition in the HMGB1-pretreated
mice was a consequence of insufficient contact with the objects but rather reflected a deficit
in memory encoding.

Injection of HMGB1 either immediately after the familiarization phase, or 20 min prior to
the recognition phase (Fig. 2B ”Consolidation” and “Retrieval”, respectively) had no effect
on object recognition memory. Total exploration time during the recognition phase was not
affected by HMGB1 (Consolidation: saline, 12.8±1.8 s; HMGB1, 13.2±1.8 s; Retrival:
saline, 13.0±3.1 s; HMGB1, 14.5±3.3 s) .

Recombinant HMGB1 may contain trace amounts of LPS (<0.4 ng of LPS per 1 mg of
HMGB1, HMGBiotech, http://www.hmgbiotech.com). In order to exclude the possibility
that the observed effects of HMGB1 could be attributed to the LPS contamination, which
may per se cause memory impairments (Jacewicz et al., 2009; Tarr et al., 2011; Terrando et
al., 2010), separate groups of mice were injected i.c.v. with 10 pg LPS (n=5) (i.e. more than
twice the amount of LPS contained in 10 μg of HMGB1), or with saline (n=5) prior to the
familiarization phase of NORT. LPS induced no statistically significant changes in object
exploration time (LPS, 20.2±1.6 sec; saline 25±3.1 sec; p>0.05). During the recognition
phase (24 hr after familiarization), the novel object preference index was 0.72±0.02 in LPS-
treated, and 0.70±0.03 in saline-treated mice (p>0.05). These results demonstrated that the
LPS contamination was not responsible for memory deficits observed after HMGB1
treatment.

Effects of HMGB1 in TLR4-/- and RAGE-/- mice
Since HMGB1 impaired novel object recognition memory in WT mice only when injected
prior to the familiarization phase, we examined HMGB1 effects in knockout mice only on
memory encoding.

During the familiarization phase, both TLR4-/- and RAGE-/- saline-treated mice showed
object exploration time comparable to those observed in saline-treated WT animals (TLR-/-,
27.0±1.8 s; RAGE -/-, 24.6±1.4 s, p>0.05). Similarly to its effects in WT mice, i.c.v.
administration of HMGB1 reduced the object exploration time to equal extent in both
TLR4-/- (16.0±1.5 s, p<0.05 vs. Saline) and in RAGE-/- mice (12.0±0.6 s, p<0.05 vs.
Saline).

Twenty-four hours later, i.e. during the recognition phase, the novel object preference index
in saline-treated TLR4-/- and RAGE-/- animals was similar to that measured in saline-
treated WT mice (Fig. 3; compare with data in Fig. 2A “Encoding”). HMGB1 injection in
both TLR4-/- and RAGE-/- animals induced memory deficits, as shown by absence of
preference towards novel vs. previously presented object (Fig. 3), and the extent of
HMGB1-induced memory impairment was similar to that induced in WT mice (compare
Fig. 3 with Fig. 2A, “Encoding”). Total object exploratory activity during the recognition
phase was not affected by pretreatment with HMGB1 in either strain of mice (TLR4-/-:
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HMGB1, 16.5±1.9 s vs. Saline, 16.3±3.6 s; RAGE-/-: HMGB1, 15.6±2.4 s vs. Saline
15.4±2.3 s, p>0.05).

Effects of combined administration of LPS-RS and HMGB1 in WT and RAGE-/- mice
Since HMGB1 had similar detrimental effects on memory in WT, TLR4-/- and RAGE-/-
mice, we examined whether the concomitant ablation of both receptors signaling pathways
would prevent HMGB1 effects. Thus, we injected a TLR4 antagonist LPS-RS in RAGE-/-
mice before the administration of HMGB1, and compared the effects of treatments with
those in WT animals.

Similarly to the findings shown in Figs. 2 and 3, during the recognition phase both saline/
saline treated WT and RAGE-/- animals exhibited a novel object preference index of about
0.7, and HMGB1 induced a significant reduction in object preference index in both groups
of mice (Fig. 4). LPS-RS alone had no effect on the object recognition memory in either WT
or RAGE -/- mice. Although LPS-RS did not prevent HMGB1 effects in WT animals, it
abolished the HMGB1-induced impairment on memory encoding in RAGE -/- mice (Fig. 4).
LPS-Rs, either alone or in combination with HMGB1 had no effect on total object
exploration time as compared to WT mice both during familiarization and recognition
phases (not shown).

Overall motor activity during familiarization in WT, TLR4 -/- and RAGE -/- mice either
injected with saline or with HMGB1 was similar (not shown).

Discussion
The major findings of these studies are two-fold: (i) exogenously applied HMGB1 elicits
impairment in the long-term memory encoding during the novel object recognition task, and
(ii) this effect of HMGB1 can be mediated by both RAGE and TLR4.

The formation of the long-term memory depends on complex processes involving the
encoding, consolidation, storage and retrieval of information (Balducci et al., 2010; Sara,
2000). Since these aspects of memory formation are overlapping and interacting, and
because of high stability of HMGB1 with an apparent half-life between 60 and 120 min
(Rechsteiner and Kuehl, 1979), the selectivity of HMGB1 effects on the different phases of
object memory task may be difficult to delineate. However, since HMGB1 administration
early after the familiarization phase, or 24 h later, did not affect mice performance in the
NORT, and considering the fast onset of HMGB1 biological effects in the applied dose
(Maroso et al., 2010), it is reasonable to conclude that this compound predominantly
suppressed memory encoding without significantly affecting memory consolidation and
retrieval.

The fact that HMGB1 affected memory encoding in TLR4-/- and RAGE-/- mice as it did in
WT mice, indicated that either one of these two receptors was sufficient for mediating the
amnesic effects of this peptide. Indeed, several studies reported memory impairments upon
TLR4 and RAGE activation by respectively LPS and Abeta (Arancio et al., 2004; Tarr et al.,
2011; Terrando et al., 2010; Wilson et al., 2009). Our findings show that pharmacological
blockade of TLR4 in RAGE-/- mice (thus concomitantly abrogating both TLR4 and RAGE
signaling) abolished memory deficits induced by HMGB1. Accordingly, previous evidence
highlighted the ability of HMGB1 to cause inflammation in a manner that depends on both
RAGE and TLRs (Rauvala and Rouhiainen, 2010). HMGB1 can also activate TLR2 (Huang
et al., 2010; Park et al., 2006; Rauvala and Rouhiainen, 2010), and TLRs are known to
induce cellular signalling either alone or in heterodimerization with other TLR or non-TLR
receptors (Netea et al., 2006). Although a role for TLR2 as a HMGB1 target cannot be

Mazarati et al. Page 6

Exp Neurol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



excluded, our data support a primary and equipotent involvement of TLR4 and RAGE in the
negative effects of HMGB1 on memory.

HMGB1 reduced object exploration time during the familiarization phase, but this effect
unlikely bore any impact on the formation of the long-term memory. Indeed, a comparable
shortening of the object familiarization time in WT mice did not impair animals’ ability to
recognize previously presented object.

HMGB1-mediated decrease in the novel object exploration in WT and TLR4 -/- mice was
observed in the absence of changes in motor activity, and it may represent a diminished
interest towards indifferent objects possibly reflecting a lack of attention (Powell et al.,
2003). Noteworthy, this is commonly observed in patients with mild cognitive impairments
and is even regarded as an early predictor of Alzheimer’s disease (Amieva et al., 2004;
Chong and Sahadevan, 2005). Further studies are required to explore this possibility, which
would involve tests different from NORT alone which does not afford relevant examination
of attention-related behavior.

HMGB1–mediated inflammatory cascades have been implicated in memory impairments
under conditions of several CNS disorders. For examples, selective deficit in memory
encoding represents a hallmark of mild cognitive impairments which have been associated
with the increased risk of the development of Alzheimer’s disease (Belleville et al., 2008).
Furthermore, Abeta1-42 oligomers, which have been regarded as key mediators of cognitive
dysfunction in Alzheimer’s disease (McLean et al., 1999), induce rapid and transient
impairments in the object memory encoding and consolidation, with a time-course similar to
the one reported in our studies (Balducci et al., 2010). Considering that the elevated brain
levels of HMGB1 have been documented in Alzheimer’s disease, our findings suggest that
HMGB1- mediated inflammation may represent a risk factor in this neurodegenerative
disorder.

Several studies have reported selective deficits in memory encoding in TLE (Schwarze et
al., 2009) and stroke (Campos et al., 2010). Together with the involvement of HMGB1 in
the pathogenesis of these neurological disorders (Kobori et al., 2002; Lindersson et al.,
2004; Maroso et al., 2010; Yang et al., 2010), our data suggest that the activation of
HMGB1-mediated signaling may contribute to memory abnormalities in TLE and stroke
patients. Such action of HMGB1 on memory may have important implications in TLE. For
example, proconvulsant effect of HMGB1 in an animal model of TLE has been primarily
associated with TLR4 activation (Maroso et al., 2010). At the same time, the increased
extracellular concentration of HMGB1 in experimental and human epileptic brain (Maroso
et al., 2010) may lead to memory abnormalities by engaging both TLR4 and RAGE.

The molecular mechanisms involved in amnestic effects of HMGB1 are still unknown.
Earlier studies established that HMGB1 exerts pro-excitatory effects in the mouse
hippocampus by increasing the phosphorylation of NR2B-containing NMDA receptors
(Maroso et al., 2010), thus enhancing the calcium channel conductance of this receptor
(Viviani et al, 2003). NR2B-containing NMDA receptors inhibit cell surface expression of
GluR1 subunit of AMPA receptor (Kim et al., 2005), the latter being critical in synaptic
plasticity and memory (Sanderson et al., 2008), including NORT (Schiapparelli et al., 2006).
In addition, in the adult brain NR2B shortens the duration of Ras/ERK activation (Kim et
al., 2005), which may also contribute to memory impairments (Weeber and Sweatt, 2002). It
is therefore conceivable that the same mechanism mediating seizure-facilitating effect of
HMGB1 (i.e. the activation of NR2B-containing NMDA receptor) may be concurrently
involved in learning deficits. However, the role of the NR2B-contaning NMDA receptors in
memory remains controversial since NR2B has been also suggested to positively modulate
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learning and memory, including novel object recognition, and the reduction of NR2B
expression has been shown in the hippocampus of patients with Alzheimer’s disease (Loftis
and Janowsky, 2003).

Since in our experiments HMGB1 was administered into the brain ventricles, the anatomical
target for its amnesic action requires further studies. NORT may be used to examine both
short term (i.e. familiarization and recognition phases are separated by up to several hours,
e.g. Okun et al., 2010) and long-term object memory (specifically at 24 hours interval;
Balducci et al., 2010). While short-term memory has been associated primarily with the
perirhinal cortex (Barker et al., 2007), long-term memory also involves the hippocampus
(Hammond et al., 2004). Further experiments with local administration of HMGB1 in the
mentioned brain structures may help elucidating neuroanatomical substrate for amnesic
effects of HMGB1.

In conclusion, our data provide novel evidence that increased brain levels of HMGB1 may
lead to selective memory impairments via both TLR4 and RAGE. While further studies are
necessary to identify molecular pathways involved in these amnestic effects as well as to
establish HMGB1 effects on other types of memory, the present results imply that the
inclusion of drugs that antagonize HMGB1 (Jiang and Pisetsky, 2007) may be beneficial in
patients in whom memory impairments represent either primary (as in Alzheimer’s disease)
or secondary (as in TLE and stroke) abnormalities.
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HMGB1 High-mobility group box-1

LPS lipopolysaccharide

LPS-RS Rhodobacter sphaeroides lipopolysaccharide

RAGE Receptor for Advanced Glycation End Products

NORT novel object recognition test

TLE temporal lobe epilepsy

TLR4 toll-like receptor 4

WT wild type
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Highlights

• High-mobility group box-1 (HMGB1) disrupted object memory in wild type
mice.

• HMGB1 disrupted object memory in toll-like receptor 4 (TLR4)- knockout mice
(KO).

• HMGB1 disrupted memory in Receptor for Advanced Glycation End Products
(RAGE) - KO.

• Blockade of TLR4 in RAGE- KO abolished disruption of memory by HMGB1.
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Fig. 1. Research design
A. To examine effects of HMGB1 on long-term object memory encoding, the compound
was administered 20 min prior to familiarization phase of NORT. Two identical objects are
exemplified by cylinders. B. To study effects of HMGB1 on memory consolidation, the
compound was injected immediately upon the completion of the familiarization phase. C. In
memory retrieval experiments, HMGB1 was injected 20 min prior to recognition phase.
Familiar object is exemplified by the cylinder, and the novel object by the cube.
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Fig. 2. Effects of HMGB1 on object memory in WT mice
A. HMGB1 (n=9) or saline (n=9) were injected 20 min before familiarization and novel
object preference index was measured 24 h later ( “Encoding”) and in the same animals 7
days after HMGB1 injection (“Retraining”). B. In separate sets of animals HMGB1 (n=6) or
saline (n=6-7) were injected either immediately after familiarization phase (“Consolidation”)
or 20 min before the recognition phase (“Retrieval”). *p<0.05, HMGB1 vs. Saline (Student
t-test). Data are presented as mean±SEM.
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Fig. 3. Effects of HMGB1 on object memory encoding in TLR4-/- and RAGE-/- mice
HMGB1 or saline were injected in TLR4-/- and RAGE-/- mice (n=9 each group) 20 min
before familiarization phase and their preference for the novel vs familiar object was
assessed 24 h later. HMGB1 significantly impaired memory encoding as shown by
decreased novel object preference index in mice of both genotypes. *p<0.05 HMGB1 vs.
Saline (Two-Way ANOVA+Bonferroni post hoc test). Treatment/genotype interaction
F=0.04, DFn=2 DFd=48, p>0.1; effects of treatment F=127.46, DFn=1 DFd= 48, p<0.001;
effects of genotype F=0.6. DFn=1 DFd=48 , p>0.1. Total exploration time did not change.
Data are presented as mean±SEM.
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Fig. 4. Effect of combined administration of LPS-RS and HMGB1 on object memory encoding in
WT and RAGE-/- mice
WT and RAGE-/- mice were injected with saline, HMGB1, LPS-RS or their combination,
20 min before familiarization and the novel object preference index was measured 24 h later.
In both saline-treated WT and RAGE-/- mice, treatment with saline/HMGB1 combination
led to a significant decrease in novel object preference index. LPS-Rs alone had no effect on
memory in WT or RAGE -/- mice, and it did not affect the detrimental effects of HMGB1
on memory in WT mice; differently, LPS-Rs reversed memory deficit induced by HMGB1
in RAGE -/- mice. *p<0.05 vs. Saline/saline; † p<0.05 vs. Saline/HMGB1 (Two-way
ANOVA + Bonferroni post hoc test). Two-way ANOVA LPS-RS - HMGB1 interaction.
WT: F=0.0. DFn=1 DFd=19, p>0.05. Effects of LPS-RS: F=2.86. DFn=1 DFd=19, p>0.05;
effects of HMGB1: F=90.63. DFn=1 DFd=19, p<0.05. RAGE-/- : F=11.65. DFn=1 DFd=19,
p<0.05. Effects of LPS-RS: F=51.28, DFn=1 DFd=19, p<0.05; effects of HMGB1: F=32.06.
DFn=1 DFd=19, p<0.05. Data are presented as mean±SEM.
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Table 1

Novel object recognition test with the regular and truncated paradigms

NORT phase Parameters Regular, n=6 Truncated, n=6

Familiarization Test duration, min 10.0±0 5.0±0.7*

Object 1
exploration time, sec

13.0±1.6 5.8±0.6*

Object 2
exploration time, sec

13.5±2.4 6.1±0.6*

Recognition Total exploration time,
sec

17.2±3.4 22.5±3.5

Novel object preference
index

0.69±0.03 0.68±0.02

Data are presented as the mean ± SEM.

*
-p<0.05, Truncated vs. Regular (Mann-Whitney test).

Exp Neurol. Author manuscript; available in PMC 2012 December 1.


