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Abstract

Background: Members of the mammalian nucleotide binding domain, leucine-rich repeat (LRR)-containing
receptor (NLR) family of proteins are key modulators of innate immunity regulating inflammation. Our previous
work has shown that among the members of this family, NLRP1/NALP1, present in neurons, plays a crucial role in
inflammasome formation and the production of the inflammatory cytokines interleukin (IL) -1b and IL-18 after
various types of central nervous system injury.

Results: We investigated whether age-related cognitive decline may involve a heightened inflammatory response
associated with activation of the NLRP1 inflammasome in the hippocampus. Young (3 months) and aged (18
months) male Fischer 344 rats were tested in a spatial acquisition task via Morris water maze. Following behavioral
testing, hippocampal lysates were assayed for expression of NLRP1 inflammasome components and inflammatory
cytokines. Hippocampal lysates from aged rats showed significantly higher levels of NLRP1 inflammasome
constituents, caspase-1, caspase-11, the purinergic receptor P2X7, pannexin-1 and X-linked inhibitor of apoptosis
(XIAP) than lysates from younger animals. Following treatment with probenecid, an inhibitor or pannexin-1, aged
animals demonstrated reduction in inflammasome activation and improvement in spatial learning performance.

Conclusions: Our behavioral findings are consistent with increases in IL-1b and IL-18 that have been previously
shown to correlate with spatial learning deficits. Probenecid reduced activated caspase-1 and ameliorated spatial
learning deficits in aged rats. Thus, aging processes stimulate activation of the NLRP1 inflammasome and secretion
of IL-1b and IL-18 that may contribute to age-related cognitive decline in the growing elderly population.
Moreover, probenecid may be potentially useful as a therapy to improve cognitive outcomes in the aging
population.

Background
Inflammatory immune responses are induced in the
immune privileged central nervous system (CNS) by
aging and neurodegenerative diseases, but CNS cells and
molecular mechanisms that regulate innate immunity
are poorly defined. One prominent and early inflamma-
tory cytokine present in aged and diseased tissue is IL-
1b that may contribute to secondary cell death. Despite
the central function attributed to the immune system in

aging and neurodegenerative diseases, the initiating sig-
naling pathways that ultimately lead to the activation of
the CNS innate immune system are unclear.
The inflammatory cytokine IL-1b is normally pro-

duced and stored in the cytosol as inactive pro-IL-b that
is rapidly cleaved by caspase-1, which then elicits
inflammation after being released from the cell. A num-
ber of host-derived molecules that alert the innate
immune system to cell injury and tissue damage activate
the inflammasome [1]. These molecules called “danger-
associated molecular patterns” include ATP [2] and high
extracellular potassium [3]. Our recent work has shown
that the NLRP1 inflammasome in neurons plays a cru-
cial role in the innate CNS immune response induced
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by injury [3-6], but whether the NLRP1 inflammasome
contributes to inflammatory cytokine production and
cognitive impairment due to aging remains largely
undefined.
Amplified and prolonged inflammatory responses in

the aged brain have been reported to promote cognitive
and behavioral impairments [7,8], and clinical studies of
elderly patients with infections reveal increases in the
occurrence of delirium [9,10]. Moreover, elderly patients
with prolonged infections are also prone to an increased
probability of developing dementia [11] and increased
mortality rate [12]. Thus, the prolonged, amplified pro-
duction of inflammatory molecules may underlie a
heightened neuroinflammatory response in the aged
brain leading to cognitive impairments.
In the present study, we found that the NLRP1

inflammasome is involved in age-induced activation of
caspase-1, and the release of mature IL-1b and IL-18 in
the hippocampus. Moreover, aging induced increased
expression and altered cellular distribution of critical
components of the NLRP1 inflammasome in hippocam-
pal neurons. These changes corresponded to age-related
cognitive deficits in spatial learning. Treatment with
probenecid, an anti-inflammatory drug commonly used
for gout, reduced NLRP1 inflammasome activation and
improved spatial learning performance in aged rats.
Thus, it appears that heightened NLRP1 inflammasome
activity is induced by the natural aging process resulting
in increased inflammatory cytokine production and cog-
nitive impairment that can be attenuated by inhibition
of inflammasome activation.

Results
Aged animals perform poorly on a hippocampal-
dependent spatial learning task
To assess age-related deficits in hippocampal-depen-
dent spatial learning, young and aged rats were tested
in a 3-day spatial acquisition task via Morris water
maze (Figure 1). Mean (+/- standard error mean
(SEM)) values were determined for each testing day on
latency to platform (Figure 1A) and for testing day 3
for mean path length (Figure 1B) For days 2 and 3,
young rats located the hidden platform with lower
latencies (day 2: 17.1 +/- 1.4 s, day 3: 9.4 +/- 0.7 s)
than aged rats (day 2: 35.8+/- 1.3 s, day 3: 29.3 +/- 1.4
s) (Figure 1A). Additionally, mean path-length for
young rats (502 +/- 48 cm) was significantly shorter
than for aged rats (1487 +/- 132 cm) on day 3 of test-
ing. Aged rats are consistently impaired in learning the
location of the escape platform [13]. Therefore, our
results were similar to previous findings that aged rats
demonstrate spatial learning impairment compared to
young rats.

Aging increases hippocampal expression of NLRP1
inflammasome components in the hippocampus
The NLRP1 inflammasome in neurons constitutes a
multiprotein complex consisting of caspase-1, caspase-
11, apoptosis-associated-speck-like protein containing a
caspase recruitment domain (ASC), NLRP1, P2X7, pan-
nexin-1 and XIAP [4]. Upon inflammasome activation
caspase-1 is cleaved into active fragments that process
pro-IL-1b and pro-IL-18 into active IL-1b and IL-18

Figure 1 Aged animals perform poorly on a hippocampal dependent spatial learning task. Average latency to platform on day 1-3 of
spatial acquisition testing via Morris water maze for young (closed circles) and aged rats (open circles) (A). Mean path length for young and
aged rats on final day of testing (B). Data are presented as mean +/- SEM. *p < 0.01 compared with young. n = 20 per group.
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[14]. To determine whether aging alters expression of
NLRP1 inflammasome components, protein lysates of
young and aged hippocampi were analyzed for levels of
inflammatory caspases and key inflammasome proteins
(Figure 2). Hippocampal lysates from aged animals con-
tained significantly higher levels of cleaved fragments of
caspase-1 (p = 0.006), caspase-11 (p = 0.011), and XIAP
(p = 0.0021), and increased levels of the P2X7 receptor
(p = 0.001) and pannexin-1 (p = 0.049) than lysates
from young rats. Levels of NLRP1 and ASC were not
altered in the aged animals. Thus, aging stimulates the
expression of some of the key components of the
NLRP1 inflammasome in the hippocampus, suggesting
an involvement of the inflammasome in the aging
process.

Aging induces alterations in expression patterns of
pannexin-1 and the purinergic receptor P2X7 in the
hippocampus
In our previous work, we showed that the pore-forming
protein pannexin-1 can transport extracellular NLRP1
stimuli into the cytoplasm of neurons and astrocytes
after P2X7 receptors bind ATP [3], suggesting that K+

ion influx through pannexin-1 pores may initiate activa-
tion of the NLRP1 inflammasome. To establish whether
aging induces changes in the pattern of expression of
caspase-1, pannexin-1 and the P2X7 receptor, hippo-
campi from young (n = 4) and aged rats (n = 6) were

examined by confocal microscopy. Brain sections under-
went immunohistochemical procedures followed by con-
focal microscopy. Images indicate that aging results in
altered staining patterns of inflammasome proteins in
the hippocampus (Figure 3). In young rats, caspase-1
immunoreactivity (red) was present in NeuN positive
nuclei (green) in a diffuse expression pattern, while
intense caspase-1 staining was seen in hippocampal neu-
rons of aged rats located in the cell nucleus and cyto-
plasm. The increased intensity of caspase-1 staining was
consistent across aged animals. A more striking altera-
tion was observed in the immunostaining of pannexin-1
and P2X7 receptors. In aged rats, immunoreactivity of
both inflammasome proteins was markedly enhanced,
and intense patchy staining was seen in the neuronal
soma near or associated with the plasma membrane
(arrows). The intensity of this patchy staining was
greater in the apical portion of the hippocampal neuro-
nal membrane (arrows) than in the basal portion. The
staining patterns of aged animals were more variable
than young animals. However, the appearance of intense
patches of pannexin-1 and P2X7 receptors was present
in the hippocampus of all six aged animals analyzed.
Labeling patterns were similar throughout the hippo-
campus for young and aged rats. These results demon-
strate that aging induces dramatic alterations in the
expression patterns of caspase-1, pannexin-1 and P2X7
receptors in hippocampal neurons.

Figure 2 Aging alters expression of NLRP1 inflammasome components. Representative immunoblots and densitometric analysis of
immunoblots for caspase-1 (Casp1), caspase-11 (Casp11), NLRP1, ASC, cleaved XIAP, P2X7 receptor (P2X7R) and pannexin-1 (PanX1) in brain
lysates of young (Y) and aged (A) animals. Protein levels of cleaved caspase-1 and -11 are higher in aged animals compared to young. Protein
levels of NLRP1 and ASC did not change with age whereas P2X7 receptor, the pannexin-1 protein and the cleaved fragment of XIAP are higher
in aged animals than in young animals. b-Tubulin was used as an internal standard and control for protein loading. Data are presented as mean
+/- SEM. *p < 0.05, **p < 0.01, ***p < 0.005 compared with young. n = 6 per group.
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Figure 3 Aging induces alterations in protein expression patterns of Caspase-1, pannexin-1 and P2X7R in hippocampal neurons.
Confocal images show hippocampal neurons in the CA3 region of young and aged animals. Sections were stained for caspase-1, pannexin-1
and P2X7 (red) and the neuronal marker NeuN (green). In aged animals, the immunoreactivity of caspase-1, P2X7 and pannexin-1 are increased
in neurons of the hippocampus compared to young animals with P2X7 and pannexin-1 showing a polarized distribution near the somatic
membrane (arrows). Bar=20 μm.
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Probenecid treatment attenuates age-related elevation in
NLRP1 inflammasome components
Probenecid was previously shown to block inflamma-
some activity, specifically by inhibiting Pannexin 1 [15].
Here we show a significant decrease in cleaved caspase-
1 (p = 0.0426, Figure 4B), P2X7 receptor (p = 0.0258,
Figure 4B), and Pannexin1 (p = 0.004, Figure 4B) pro-
tein expression in the hippocampus following probene-
cid treatment in aged rats consistent with lower protein
levels of IL-1b and IL-18. Treatment with probenecid
also improved spatial learning performance in aged rats.
Probenecid treated aged rats demonstrated lower latency
to platform (p = 0.0287, Figure 4C) and mean path
length (p = 0.015, Figure 4D) than vehicle-treated age-
matched controls. These results demonstrate that treat-
ment with probenecid reduces age-related increases in
NLRP1 inflammasome activation in the aged hippocam-
pus and ameliorates age-related cognitive deficits.

Discussion
In this study we have shown for the first time an age-
related heightened activation of the NLRP1 inflamma-
some system associated with increased inflammation
and cognitive impairment in the hippocampus of aged
rats. Our data show that aging promotes NLRP1 inflam-
masome activity resulting in processing of caspase-1 and
upregulation of caspase-11. The neuronal NLRP1
inflammasome is a multiprotein complex consisting of
inflammatory caspases-1 and -11, NLRP1, the adaptor
protein ASC and the inhibitor of apoptosis protein
XIAP. Assembly and activation of the NLRP1 inflamma-
some involves caspase -1 and -11 activation that subse-
quently leads to maturation and secretion of IL-1b and
IL-18 [4-6]. Once secreted, these cytokines initiate
inflammatory processes throughout the CNS. In addi-
tion, we have previously shown that the NLRP1 inflam-
masome interacts with the pore forming protein

Figure 4 Probenecid reduces protein expression of NLRP1 inflammasome and ameliorates spatial learning deficits in aged rats. (A)
Representative immunoblots of cleaved caspase-1, pannexin1 and P2X7R in hippocampal lysates of vehicle (Veh)-treated and probenecid (Pr)-
treated 18-month-old rats. b-tubulin was used as an internal control. (B) Densitometric analysis of immunoblots from brain lysates of cleaved
caspase-1 (Casp1), P2X7 receptor (P2X7R), and pannexin1 (PanX1). (C-D) Aged animals underwent behavioral testing following either probenecid
or vehicle treatment. (C) In a hippocampal-dependent spatial learning task via Morris water maze, latency to platform was measured on days 1-3
and 8-10. Probenecid-treatment improved latency to platform measured on the final day of testing (D) Mean path length was determined on
day 10 of testing and probenecid-treated rats demonstrated significantly shorter mean path lengths than vehicle-treated controls. Drug
treatment was administered twice daily for 3 days (days 7-9). Data are presented as mean +/- SEM *p < 0.05, **p < 0.005 compared to vehicle. N
= 6-8/per group.
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pannexin-1 and the purinergic receptor P2X7 [3-5].
Aging leads to significant cognitive impairment in hip-
pocampal dependent spatial learning tasks [13] that may
be associated with increased inflammatory cytokine pro-
duction resulting from NLRP1 activation. Thus, the
NLRP1 inflammasome constitutes an important arm of
the innate CNS inflammatory response associated with
aging in the hippocampus.
IL-1b is synthesized by neuronal and glial cells [16]

and is released in response to injury, insult and stress
[17-20]. We found that hippocampal neurons, which are
generally not associated with immune functions, express
NLRP1 inflammasome proteins. These results are in
agreement with previous findings that show NLRP1
expression in neurons of the spinal [4] and cerebral cor-
tex [5,6] after injury. Moreover, the cellular distribution
of NLRP1 inflammasome proteins changed during the
aging process. Our results suggest that NLRP1 inflam-
masome activity is fundamental for the processing of IL-
1b and IL-18 and for the innate inflammatory response
in aged neurons. However, ASC, caspase-1 and caspase-
11 are also present in astrocytes, oligodendrocytes and
microglial cells. Therefore, characterization of the com-
position and subcellular localization of inflammasomes
in glia may provide a clearer insight into the mechan-
isms leading to cytokine secretion and cell death caused
by caspase-1 with aging. Thus, aging-induced NLRP1
inflammasome activation in neurons could lead to reac-
tive gliosis in neighboring cells mediated by IL-1 cyto-
kines released from neurons.
The inflammasome in hippocampal neurons is a pro-

tein complex containing NLRP1 as a scaffolding protein
that activates caspase-1 to promote IL-1b and IL-18
maturation associated with aging (see additional file 1
for immunoblotting results of IL1b and IL-18 in young
and aged rats). Although the total levels of NLRP1 and
ASC in lysates did not change significantly with aging,
the proportions of other key components that form the
NLRP1 inflammasome increased. These findings are in
agreement with our previous work on NLRP1 inflamma-
some regulation following spinal cord [4] and traumatic
brain injury [5] that showed similar changes in NLRP1
components after injury. Moreover, the inflammasome
in normal tissues is speculated to be in an inactive state
by binding to a putative inhibitor [21], but the nature of
this inhibitor has not been identified. We previously
suggested that XIAP in the NLRP1 inflammasome com-
plex may inhibit caspase-1 activity preventing the activa-
tion and processing of IL-1b and IL-18 [3-5]. Moreover,
aging-induced activation of the inflammasome was
found to be associated with cleavage of XIAP into frag-
ments. Cleavage of XIAP produces an N-terminal BIR1-
2 fragment with reduced ability to inhibit caspases
[22-24]. Therefore, aging-related XIAP cleavage may

reduce the threshold for activation of caspase-1, leading
to processing and secretion of IL-1b and IL-18.
Our results are in agreement with earlier studies that

demonstrate systemic administration of IL-1b results in
impaired hippocampal-dependent consolidation of mem-
ories in a fear-conditioning paradigm [25-27]. Neutrali-
zation of IL-1b blocked the deficits in hippocampal-
dependent memory consolidation [25,28]. Other reports
demonstrate that the aging process results in elevated
concentrations of IL-1b at 15 months of age [29],
whereas hippocampal IL-18, a closely related IL-1 proin-
flammatory cytokine increases in rats as early as 9
months of age [29]. Additionally, the age-specific eleva-
tion in these proinflammatory cytokines may influence
deficits in long-term potentiation [30,31]. Further stu-
dies are needed to determine whether the NLRP1
inflammasome-induced activation and increased IL-1b
and IL-18 observed in our study influence deficits in
synaptic transmission leading to cognitive decline.
To date, microbial pathogen-associated molecules and

toxins have been identified as key triggers of activation
of inflammasomes [1,2]. However, recently, environmen-
tal [32-34] and neurodegenerative [35,36] stimuli have
been identified that lead to IL-1b release by means of
inflammasomes. With respect to the latter, researchers
[36] demonstrated that the NLRP3 inflammasome is
activated by fibrous particles of amyloid-beta that results
in cleavage of caspase-1 and production of IL-1b in
microglia and macrophages. However, it is not known
whether amyloid-beta activates the NLRP1 inflamma-
some in neurons thus further enhancing production of
IL-1b in the aging brain. Our recent work demonstrated
that the pore-forming protein pannexin-1 in neurons
and astrocytes transports the extracellular K+ ions to sti-
mulate the NLRP1 inflammasome in the cytoplasm after
P2X7 receptors bind ATP [3]. Thus, it is possible that
the aging-induced increases in pannexin-1 and P2X7
expression in hippocampal neurons observed in this
study may facilitate K+ influx, thereby initiating NLRP1
inflammasome activation.
Probenecid is an inhibitor of renal tubular transpor-

ters, regularly used in the treatment of gout. However,
probenecid-sensitive transporters are found throughout
the body including the immune privileged CNS
[3,37-40]. Using in vivo microdialysis techniques, one
study examined the transport of probenecid across the
blood brain barrier (BBB), reporting the presence of
probenecid in cerebrospinal fluid, brain interstitial fluid,
and brain tissue tissue [41]. Therefore, in the present
study, we chose a course of treatment based on the
recent identification of probenecid as an inhibitor of
inflammasome activation in neurons and astrocytes
[3,15]. We were specifically interested in the effect of
probenecid treatment in improving cognitive deficits
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observed in aged rats. Young rats did not demonstrate
impairment in spatial learning and therefore were not
tested in the probenecid study. We hypothesized that
probenecid may reduce cognitive impairment in aged
rats via inhibition of inflammasome activation in the
hippocampus. Accordingly, our findings support the use
of probenecid as an anti-inflammatory therapy in the
CNS. The aging-induced elevation in inflammasome
activation in the hippocampus was attenuated by probe-
necid treatment, resulting in improved cognitive out-
comes for aged rats in vivo.

Conclusions
Our main findings suggest that the aged brain experi-
ences heightened activation of the NLRP1 inflammasome
system with resultant increases in caspase 3 activation
and inflammatory cytokines IL-1b and IL-18 correspond-
ing to impaired spatial learning in aged rats. Since these
cytokines contribute to the pathology of different neuro-
degenerative diseases such as Alzheimer disease [42,43]
and Parkinson disease [44]. and are involved in a positive
feedback mechanism in which more cytokines are pro-
duced upon cytokine release [45], it is reasonable to
hypothesize that interfering with inflammasome activa-
tion may prove to be beneficial in delaying development
of age-related neurodegenerative diseases in which the
IL-1 inflammatory response plays a pathogenic role.
Additionally, our results suggest that inhibition of

inflammasome activation in the aged brain, with systemic
probenecid treatment, reduces caspase-1 activation and, in
turn, reduces inflammatory cytokines, IL-1b and IL-18,
which have been linked to age-related cognitive decline.
Because probenecid is an inhibitor of protein transporters
found throughout the body [3,37-40], it is possible that the
effect of probenecid on cognitive performance may be
multifactorial. Additionally, one must consider the poten-
tial exerted by probenecid to increase levels of neuropro-
tectants such as kynurenic acid (KYNA) when
administered with the precursor of KYNA, L-kynurennine
(L-KYN) in toxic disease models in rats [46-49]. The effect
of probenecid on KYNA levels in the aged brain deserves
further study. However, our data suggest that therapeutic
intervention with probenecid alone or another agent that
inhibits the NLRP1 inflammasome, with corresponding
reduction in proinflammatory cytokines, may improve
overall cognitive outcomes and reduce symptoms of nor-
mal cognitive aging. In addition, the therapeutic use of
probenecid in young and aged animals with neuroinflam-
mation due to disease or injury also deserves further study.

Methods
Animals
A total of 20 young (3 months, 220-250 grams) and 36
aged (18 months, 375-450 grams) male Fischer rats were

acquired from Charles River Laboratories and the
National Institute on Aging Colony respectively for this
study. Animals were maintained on a 12:12 h (light: dark)
cycle and given food ad libitum. All animals were housed
according to National Institutes of Health and United
States Department of Agriculture guidelines. The Institu-
tional Animal Care and Use Committee of the University
of Miami approved all animal procedures. Animals were
submitted to behavioral testing or biochemical analysis
following a 2 week acclimation period under standard
laboratory conditions. For behavioral testing, n = 20/age
group. For biochemical analyses, n = 6/age group.

Probenecid treatment
Sixteen aged (18 month old) male Fischer 344 rats were
randomized to receive probenecid (Alfa Aesar) or saline
vehicle at a dose of 0.5 mg/kg by intraperitoneal (I.P.)
injection twice daily for 3 days.

Behavioral Testing
Spatial acquisition and retention was assessed using a
Morris water maze navigational task [50]. A circular
tank (122 cm diameter) in a room with visual cues was
filled with water (21°C) made opaque with white paint.
A platform (9.3 cm diameter) hidden just beneath the
water surface was placed in the northeast quadrant. The
path length (i.e., the distance traveled until locating the
platform) and latency to find the platform were
recorded and analyzed with Ethovision software (Noldus
Information Technology). Latency and mean path length
to platform was measured for days 1 - 3 of testing. Each
day, the animals were given four trials and an average
was determined. The animal was placed randomly at
each of four starting points (north, south, east, and
west) and allowed 60 s to find the hidden platform.
After locating the platform, the animal remained on the
platform for 10 s. If the animal did not locate the plat-
form within 60 s, it was placed on the platform for 10 s.
Following each trial, the animal was placed in a cage
kept warm with an infrared heating lamp. Inter-trial
interval was approximately 4 min. Testing days 1-3 for
latency and day 3 for path length are reported for reten-
tion of the task. For the probenecid experiment, animals
were tested on days 1 - 3 and 8 - 10. Probenecid or sal-
ine vehicle was administered on days 7 - 9. Behavioral
testing was conducted similarly to the testing above
with the placement of the hidden platform moved to the
southwest quadrant for the second testing session.
Latency to platform is reported for days 1-3 and 8-10.
Mean path lengths are reported for day 10.

Immunoblotting
Animals were anesthetized with 3% isoflurane/70% N2O/
30% O2 for 5 minutes then sacrificed by decapitation.
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The bilateral hippocampi were dissected out at 4°C in sal-
ine and frozen in liquid nitrogen within 3 min of decapi-
tation, and stored at -80 deg C. For detection of
inflammasome components, receptors and inflammatory
cytokines, a section of the right hippocampus of young
and aged animals was homogenized in extraction buffer
(20 mM Tris-HCl, pH: 7.5, 150 mM NaCl, 1% Triton X-
100; 1 mM ethylenediaminetetraacetic acid, 1 mM ethy-
lene glycol tetraacetic acid, 2.5 mM pyrophosphate, 1
mM -glycerophosphate) with protease and phosphatase
inhibitors cocktail (Sigma). Proteins were resolved in 10-
20% Tris-HCl Criterion precasted gels (Bio-Rad), trans-
ferred to polyvinylidene difluoride membranes (Applied
Biosystems) and placed in blocking buffer (PBS, 0.1%
Tween-20, 0.4% I-Block (Applied Biosystems) and then
incubated for 1 h with: anti-IL-1b (1:1000, National Can-
cer Institute - 3ZD MAb), anti-IL-18 (1:1000, Abcam
ab37640), anti-caspase-1 (1:1000, Imgenex - IMG5028),
anti-caspase-11 (1:1000, Alexis Biochemicals, Axxora -
ALX-210-818), anti-ASC (1:5000, Bethyl Laboratories, as
described in de Rivero Vaccari et. al. 2008), anti-NLRP1
(1:1000, Bethyl Laboratories as described in de Rivero
Vaccari et al., 2008), anti-pannexin-1 (1:1000, Invitrogen
- 488100) and anti-P2X7 (1:1000, Alomone Labs - APR-
004) followed by appropriate secondary horseradish per-
oxidase (HRP)-linked antibodies (Cell Signaling). Visuali-
zation of signal was enhanced by chemiluminescence
using a phototope-HRP detection kit (Cell Signaling). To
control for protein loading, immunoblots were stripped
with Restore, Western blot stripping buffer (Pierce) and
blotted for b-tubulin (1:5000, BD Biosciences Pharmin-
gen). Quantification of band density was performed using
UN-Scan-IT gel™ quantifying software (Silk Scientific),
and data were normalized to b-tubulin. However IL-1b
and IL-18 immunoblots were not quantified because
these two proteins are secreted cytokines.

Perfusion Fixation
Following behavior testing, young and aged animals
were anesthetized with 3% isoflurane/70% N2O/30% O2

for 5 minutes and intracardially perfused with cold
heparinized normal saline solution and subsequently
with 4% paraformaldehyde solution. Brains were
removed and placed in 4% paraformaldehyde at 4°C for
20 h. Then brains were placed in 20% sucrose in 0.1 M
PBS and stored at 4° until sectioning through the hippo-
campus from 2.4 to 5.8 mm posterior to bregma. Sec-
tions were taken with a thickness of 50 μμm.

Immunohistochemistry
Frozen sections were blocked by treatment with normal
goat serum (Vector Laboratories), rinsed with 0.1 M phos-
phate-buffered saline (PBS; pH 7.4) and incubated over-
night at 4°C with primary antibodies against the same

proteins analyzed by immunoblotting at a dilution of
1:500. To determine the precise cellular distribution of
caspase-1, pannexin-1 and P2X7, sections were double
stained with the neuron specific marker mouse anti-neu-
ronal nuclei (NeuN; Chemicon) and anti-caspase-1
(Upstate), anti-P2X7 (Alomone Labs) and anti-pannexin-1
(Invitrogen). Alexa-Fluor secondary antibody conjugates
(Molecular Probes) were used as secondary antibodies.
Controls using an irrelevant antibody of the same isotype
were run in parallel to evaluate antibody specificity.

Statistical Analysis
Data are expressed as mean +/- standard error
(+/-SEM). Statistical comparisons between young and
aged groups, and treatment groups were made using
one-way analysis of variance, or repeated measures ana-
lysis of variance followed by Tukey’s multiple compari-
son tests depending on the outcome measure. P-values
of significance used were p < 0.05.

Additional material

Additional file 1: Aging induces processing of IL-1b and IL-18 in the
hippocampus. Representative immunoblot analysis of hippocampal
brain lysates of young (Y) and aged (A) animals. Brain lysates were
immunoblotted with antibodies against IL-1b and IL-18. b-Tubulin was
used as an internal standard and control for protein loading. Previous
findings have shown that IL-1 cytokines in the brain are associated with
the aging process. To establish whether aging activates these pro-
inflammatory cytokines in the hippocampus, protein lysates from young
and aged rats were analyzed for IL-1b and IL-18 by immunoblotting
procedures. The levels of active, processed forms of IL-1b and IL-18 were
higher in the aged animals than their younger counterparts, thus
indicating that aging induces activation of these inflammatory cytokines
in the hippocampus. Unlike IL-1a, IL-1b and IL-18 are cytokines that are
active only after inflammasome processing. Therefore, since IL-1b and IL-
18 are secreted cytokines quantification of these cytokines was not done
for it would represent an inaccurate estimation due to the inability to
determine the amount of IL-1 cytokines that are still in the cell and the
amount that has been secreted. Instead, inflammasome activation was
determined by measuring the protein levels of caspase-1 (See Figure 2).
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containing receptor protein 3; SEM: standard error mean; XIAP: X-linked
inhibitor of apoptosis.

Acknowledgements
We thank Frank Brand III, Meghan O’Connell and Javier Moreno for technical
assistance. This project was supported in part by a grant to RWK (NIH 59836)
and The Miami Project to Cure Paralysis.

Author details
1Department of Neurological Surgery, University of Miami Miller School of
Medicine, 1095 NW 14th Terrace, Miami, FL 33136, USA. 2The Miami Project
to Cure Paralysis, University of Miami Miller School of Medicine, 1095 NW

Mawhinney et al. BMC Neuroscience 2011, 12:123
http://www.biomedcentral.com/1471-2202/12/123

Page 8 of 10

http://www.biomedcentral.com/content/supplementary/1471-2202-12-123-S1.JPEG


14th Terrace, Miami, FL 33136, USA. 3Department of Physiology and
Biophysics, University of Miami Miller School of Medicine, 1600 NW 10th
Avenue, Miami, Florida 33136, USA. 4Bruce W. Carter Department of Veterans
Affairs Medical Center, 1201 N.W. 16th Street Miami, FL 33125, USA.

Authors’ contributions
LM and JdR conceived of the study and experimental design. LM carried out
behavioral testing, perfusion fixation, immunoblotting, and statistical analysis
and drafted the manuscript. JdR carried out immunoblotting,
immunohistochemistry and revised the manuscript. GD performed western
blots. RK made significant contributions to the design of the study and
helped to draft the manuscript. HB coordinated the study, provided
intellectual feedback for the design of the study and participated in
statistical analysis and data interpretation. All authors read and approved the
final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 25 August 2011 Accepted: 1 December 2011
Published: 1 December 2011

References
1. Taniguchi S, Sagara J: Regulatory molecules involved in inflammasome

formation with special reference to a key mediator protein, ASC. Semin
Immunopathol 2007, 29:231-8.

2. McDermott MF, Tschopp J: From inflammasomes to fevers, crystals and
hypertension: how basic research explains inflammatory diseases. Trends
Mol Med 2007, 13:381-8.

3. Silverman WR, de Rivero Vaccari JP, Locovei S, Qiu F, Carlsson SK, Scemes E,
Keane RW, Dahl G: The pannexin 1 channel activates the inflammasome
in neurons and astrocytes. J Biol Chem 2009, 284:18143-51.

4. de Rivero Vaccari JP, Lotocki G, Marcillo AE, Dietrich WD, Keane RW: A
molecular platform in neurons regulates inflammation after spinal cord
injury. J Neurosci 2008, 28:3404-14.

5. de Rivero Vaccari JP, Lotocki G, Alonso OF, Bramlett HM, Dietrich WD,
Keane RW: Therapeutic neutralization of the NLRP1 inflammasome
reduces the innate immune response and improves histopathology after
traumatic brain injury. J Cereb Blood Flow Metab 2009, 29:1251-61.

6. Abulafia DP, de Rivero Vaccari JP, Lozano JD, Lotocki G, Keane RW,
Dietrich WD: Inhibition of the inflammasome complex reduces the
inflammatory response after thromboembolic stroke in mice. J Cereb
Blood Flow Metab 2009, 29:534-44.

7. Godbout JP, Chen J, Abraham J, Richwine AF, Berg BM, Kelley KW,
Johnson RW: Exaggerated neuroinflammation and sickness behavior in
aged mice following activation of the peripheral innate immune system.
Faseb J 2005, 19:1329-31.

8. Barrientos RM, Higgins EA, Biedenkapp JC, Sprunger DB, Wright-Hardesty KJ,
Watkins LR, Rudy JW, Maier SF: Peripheral infection and aging interact to
impair hippocampal memory consolidation. Neurobiol Aging 2006,
27:723-32.

9. Jackson JC, Gordon SM, Ely EW, Burger C, Hopkins RO: Research issues in
the evaluation of cognitive impairment in intensive care unit survivors.
Intensive Care Med 2004, 30:2009-16.

10. Wofford JL, Loehr LR, Schwartz E: Acute cognitive impairment in elderly
ED patients: etiologies and outcomes. Am J Emerg Med 1996, 14:649-53.

11. George J, Bleasdale S, Singleton SJ: Causes and prognosis of delirium in
elderly patients admitted to a district general hospital. Age Ageing 1997,
26:423-7.

12. Rockwood K, Cosway S, Carver D, Jarrett P, Stadnyk K, Fisk J: The risk of
dementia and death after delirium. Age Ageing 1999, 28:551-6.

13. Rosenzweig ES, Barnes CA: Impact of aging on hippocampal function:
plasticity, network dynamics, and cognition. Prog Neurobiol 2003,
69:143-79.

14. Dinarello CA: Immunological and inflammatory functions of the
interleukin-1 family. Annu Rev Immunol 2009, 27:519-50.

15. Silverman W, Locovei S, Dahl G: Probenecid, a gout remedy, inhibits
pannexin 1 channels. Am J Physiol Cell Physiol 2008, 295:C761-7.

16. Lechan RM, Toni R, Clark BD, Cannon JG, Shaw AR, Dinarello CA, Reichlin S:
Immunoreactive interleukin-1 beta localization in the rat forebrain. Brain
Res 1990, 514:135-40.

17. Benveniste EN: Inflammatory cytokines within the central nervous
system: sources, function, and mechanism of action. Am J Physiol 1992,
263:C1-16.

18. Bhat RV, DiRocco R, Marcy VR, Flood DG, Zhu Y, Dobrzanski P, Siman R,
Scott R, Contreras PC, Miller M: Increased expression of IL-1beta
converting enzyme in hippocampus after ischemia: selective localization
in microglia. J Neurosci 1996, 16:4146-54.

19. Dinarello CA: Therapeutic strategies to reduce IL-1 activity in treating
local and systemic inflammation. Curr Opin Pharmacol 2004, 4:378-85.

20. Dinarello CA: Interleukin 1 and interleukin 18 as mediators of
inflammation and the aging process. Am J Clin Nutr 2006, 83:447S-455S.

21. Dinarello CA: Interleukin-1beta. Crit Care Med 2005, 33:S460-2.
22. Katz LM, Lotocki G, Wang Y, Kraydieh S, Dietrich WD, Keane RW: Regulation

of caspases and XIAP in the brain after asphyxial cardiac arrest in rats.
Neuroreport 2001, 12:3751-4.

23. Keane RW, Kraydieh S, Lotocki G, Alonso OF, Aldana P, Dietrich WD:
Apoptotic and antiapoptotic mechanisms after traumatic brain injury. J
Cereb Blood Flow Metab 2001, 21:1189-98.

24. Lotocki G, Keane RW: Inhibitors of apoptosis proteins in injury and
disease. IUBMB Life 2002, 54:231-40.

25. Pugh CR, Nguyen KT, Gonyea JL, Fleshner M, Wakins LR, Maier SF, Rudy JW:
Role of interleukin-1 beta in impairment of contextual fear conditioning
caused by social isolation. Behav Brain Res 1999, 106:109-18.

26. Barrientos RM, Higgins EA, Sprunger DB, Watkins LR, Rudy JW, Maier SF:
Memory for context is impaired by a post context exposure injection of
interleukin-1 beta into dorsal hippocampus. Behav Brain Res 2002,
134:291-8.

27. Thomson LM, Sutherland RJ: Systemic administration of
lipopolysaccharide and interleukin-1beta have different effects on
memory consolidation. Brain Res Bull 2005, 67:24-9.

28. Gonzalez PV, Schioth HB, Lasaga M, Scimonelli TN: Memory impairment
induced by IL-1beta is reversed by alpha-MSH through central
melanocortin-4 receptors. Brain Behav Immun 2009, 23:817-22.

29. Griffin R, Nally R, Nolan Y, McCartney Y, Linden J, Lynch MA: The age-
related attenuation in long-term potentiation is associated with
microglial activation. J Neurochem 2006, 99:1263-72.

30. Lynch AM, Lynch MA: The age-related increase in IL-1 type I receptor in
rat hippocampus is coupled with an increase in caspase-3 activation. Eur
J Neurosci 2002, 15:1779-88.

31. Maher FO, Nolan Y, Lynch MA: Downregulation of IL-4-induced signalling
in hippocampus contributes to deficits in LTP in the aged rat. Neurobiol
Aging 2005, 26:717-28.

32. Faustin B, Reed JC: Sunburned skin activates inflammasomes. Trends Cell
Biol 2008, 18:4-8.

33. Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT, Tschopp J:
Innate immune activation through Nalp3 inflammasome sensing of
asbestos and silica. Science 2008, 320:674-7.

34. Li H, Willingham SB, Ting JP, Re F: Cutting edge: inflammasome activation
by alum and alum’s adjuvant effect are mediated by NLRP3. J Immunol
2008, 181:17-21.

35. Salminen A, Ojala J, Suuronen T, Kaarniranta K, Kauppinen A: Amyloid-beta
oligomers set fire to inflammasomes and induce Alzheimer’s pathology.
J Cell Mol Med 2008, 12:2255-62.

36. Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T,
Fitzgerald KA, Latz E, Moore KJ, Golenbock DT: The NALP3 inflammasome
is involved in the innate immune response to amyloid-beta. Nat
Immunol 2008, 9:857-65.

37. Ullrich KJ, Rumrich G, Kloss S: Bidirectional active transport of thiosulfate
in the proximal convolution of the rat kidney. Pflugers Arch 1980,
387:127-32.

38. Knickelbein RG, Aronson PS, Dobbins JW: Substrate and inhibitor
specificity of anion exchangers on the brush border membrane of
rabbit ileum. J Membr Biol 1985, 88:199-204.

39. Lipman BJ, Silverstein SC, Steinberg TH: Organic anion transport in
macrophage membrane vesicles. J Biol Chem 1990, 265:2142-7.

40. Pritchard JB, Sweet DH, Miller DS, Walden R: Mechanism of organic anion
transport across the apical membrane of choroid plexus. J Biol Chem
1999, 274:33382-7.

41. Deguchi Y, Nozawa K, Yamada S, Yokoyama Y, Kimura R: Quantitative
evaluation of brain distribution and blood-brain barrier efflux transport
of probenecid in rats by microdialysis: possible involvement of the

Mawhinney et al. BMC Neuroscience 2011, 12:123
http://www.biomedcentral.com/1471-2202/12/123

Page 9 of 10

http://www.ncbi.nlm.nih.gov/pubmed/17805543?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17805543?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17822957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17822957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19416975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19416975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18367607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18367607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18367607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19401709?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19401709?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19401709?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19066616?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19066616?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15919760?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15919760?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15893410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15893410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15372146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15372146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8906762?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8906762?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9466291?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9466291?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10604507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10604507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12758108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12758108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19302047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19302047?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2357520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1636671?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1636671?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8753876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8753876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8753876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15251132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15251132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16470011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16470011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16340421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11726787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11726787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11598496?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12587973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12587973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10595426?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10595426?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12191816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12191816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16140159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16140159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16140159?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19275930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19275930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19275930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16981890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16981890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16981890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12081657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12081657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15708447?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15708447?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18083030?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18403674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18403674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18566365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18566365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18793350?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18793350?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18604209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18604209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7191976?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7191976?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3005584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3005584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3005584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2298742?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2298742?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10559217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10559217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9023263?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9023263?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9023263?dopt=Abstract


monocarboxylic acid transport system. J Pharmacol Exp Ther 1997,
280:551-60.

42. Di Bona D, Plaia A, Vasto S, Cavallone L, Lescai F, Franceschi C, Licastro F,
Colonna-Romano G, Lio D, Candore G, Caruso C: Association between the
interleukin-1beta polymorphisms and Alzheimer’s disease: a systematic
review and meta-analysis. Brain Res Rev 2008, 59:155-63.

43. Chiarini A, Dal Pra I, Whitfield JF, Armato U: The killing of neurons by
beta-amyloid peptides, prions, and pro-inflammatory cytokines. Ital J
Anat Embryol 2006, 111:221-46.

44. Tansey MG, Frank-Cannon TC, McCoy MK, Lee JK, Martinez TN, McAlpine FE,
Ruhn KA, Tran TA: Neuroinflammation in Parkinson’s disease: is there
sufficient evidence for mechanism-based interventional therapy? Front
Biosci 2008, 13:709-17.

45. Vannier E, Dinarello CA: Histamine enhances interleukin (IL)-1-induced IL-
6 gene expression and protein synthesis via H2 receptors in peripheral
blood mononuclear cells. J Biol Chem 1994, 269:9952-6.

46. Santamaria A, Rios C, Solis-Hernandez F, Ordaz-Moreno J, Gonzalez-
Reynoso L, Altagracia M, Kravzoz J: Systemic DL-kynurenine and
probenecid pretreatment attenuates quinolinic acid-induced
neurotoxicity in rats. Neuropharmacology 1996, 35:23-8.

47. Vamos E, Pardutz A, Varga H, Bohar Z, Tajti J, Fulop F, Toldi J, Vecsei L: l-
kynurenine combined with probenecid and the novel synthetic
kynurenic acid derivative attenuate nitroglycerin-induced nNOS in the
rat caudal trigeminal nucleus. Neuropharmacology 2009, 57:425-9.

48. Carillo-Mora P, Mendez-Cuesta LA, Perez-De La Cruz V, Fortoul-van Der
Goes TI, Santamaria A: Protective effect of systemic L-kynurenine and
probenecid administration on behavioral and morphological alterations
induced by toxic soluble amyloid beta (25-35) in rat hippocampus.
Behav Brain Res 2010, 210:240-50.

49. Silva-Adaya D, Perez-De La Cruz V, Villeda-Hernandez J, Carrillo-Mora P,
Gonzalez-Herrera IC, Garcia E, Colin-Barenque L, Pedraza-Chaverri J,
Santamaria A: Protective effect of L-kynurenine and probenecid on 6-
hydroxydopamine-induced striatal toxicity in rats: implications of
modulating kynurenate as a protective strategy. Neurotoxicol Teratol 2011,
33:303-12.

50. Morris R: Developments of a water-maze procedure for studying spatial
learning in the rat. J Neurosci Methods 1984, 11:47-60.

doi:10.1186/1471-2202-12-123
Cite this article as: Mawhinney et al.: Heightened inflammasome
activation is linked to age-related cognitive impairment in Fischer 344 rats.
BMC Neuroscience 2011 12:123.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Mawhinney et al. BMC Neuroscience 2011, 12:123
http://www.biomedcentral.com/1471-2202/12/123

Page 10 of 10

http://www.ncbi.nlm.nih.gov/pubmed/9023263?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18675847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18675847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18675847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17385278?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17385278?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17981581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17981581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7511596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7511596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7511596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8684593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8684593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8684593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19580819?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19580819?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19580819?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19580819?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20219555?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20219555?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20219555?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20933078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20933078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20933078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6471907?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6471907?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Aged animals perform poorly on a hippocampal-dependent spatial learning task
	Aging increases hippocampal expression of NLRP1 inflammasome components in the hippocampus
	Aging induces alterations in expression patterns of pannexin-1 and the purinergic receptor P2X7 in the hippocampus
	Probenecid treatment attenuates age-related elevation in NLRP1 inflammasome components

	Discussion
	Conclusions
	Methods
	Animals
	Probenecid treatment
	Behavioral Testing
	Immunoblotting
	Perfusion Fixation
	Immunohistochemistry
	Statistical Analysis

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

