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Abstract

Aging is accompanied by increased neuroinflammation, synaptic dysfunction and cognitive 

deficits both in rodents and humans, yet the onset and progression of these deficits throughout the 

life span remain unknown. These aging-related deficits affect the quality of life and present 

challenges to our aging society. Here, we defined age-dependent and progressive impairments of 

synaptic and cognitive functions and showed that reducing astrocyte-related neuroinflammation 

through anti-inflammatory drug treatment in aged mice reverses these events. By comparing 

young (3 months), middle-aged (18 months), aged (24 months) and advanced-aged wild-type mice 

(30 months), we found that the levels of an astrocytic marker, GFAP, progressively increased after 

18 months of age, which preceded the decreases of the synaptic marker PSD-95. Hippocampal 

long-term potentiation (LTP) was also suppressed in an age-dependent manner, where significant 

deficits were observed after 24 months of age. Fear conditioning tests demonstrated that 

associative memory in the context and cued conditions was decreased starting at the ages of 18 and 

30 months, respectively. When the mice were tested on hidden platform water maze, spatial 

learning memory was significantly impaired after 24 months of age. Importantly, subacute 

treatment with the anti-inflammatory drug ibuprofen suppressed astrocyte activation, and restored 

synaptic plasticity and memory function in advanced-aged mice. These results support the critical 

contribution of aging-related inflammatory responses to hippocampal-dependent cognitive 

function and synaptic plasticity, in particular during advanced aging. Our findings provide strong 

evidence that suppression of neuroinflammation could be a promising treatment strategy to 

preserve cognition during aging.
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1. Introduction

By 2050, the aged population who are older than 85 years are expected to reach 21 million 

in the United States (Vincent and Velkof, 2010). Increasing evidence demonstrates that aging 

accelerates the risk for neurodegenerative diseases such as Alzheimer’s disease (AD) and 

Parkinson’s disease (Mattson and Magnus, 2006). More importantly, aging drives the 

vulnerability to cognitive impairments even in the absence of neurodegenerative diseases 

(Hedden and Gabrieli, 2004, Mattson and Magnus, 2006, Morrison and Baxter, 2012). Thus, 

it is critical to understand how aging affects neuronal systems and cognitive function in both 

normal and pathological aging. In humans, cognitive aging usually starts at middle age with 

an increase in forgetting, which may be an early sign of impaired synaptic transmission and 

plasticity (Christensen, et al., 1999, Colsher and Wallace, 1991, Schonknecht, et al., 2005). 

The aging-related cognitive decline is progressive, where spatial memory, working memory, 

executive function as well as processing speed are gradually impaired (Kukolja, et al., 2009, 

Plancher, et al., 2010, Uttl and Graf, 1993).

Memory deficits are related to impaired hippocampal function; progressive decline of 

memory is often associated with a decrease in hippocampal volume (Kramer, et al., 2007, 

Mueller, et al., 2007, Mungas, et al., 2005, Reuter-Lorenz and Park, 2010). Hippocampal-

mediated cognitive processes are most vulnerable to aging. Studies in humans and animal 

models suggest that aging-related cognitive decline is caused by disturbances of synaptic 

integrity in the hippocampus (Morrison and Baxter, 2012). These synaptic alternations result 

in increased slow after hyperpolarizations (sAHPs) (Disterhoft, et al., 1996, Landfield and 

Pitler, 1984, Moyer, et al., 1992), deficits in long-term potentiation (LTP) (Barnes and Kidd, 

1979, Barnes, 1994, Shankar, et al., 1998), and long-term depression (LTD) (Norris, et al., 

1998, Norris, et al., 1996). The processes that underlie aging-related cognitive decline are 

vastly complex. Thus, studies that investigate brain aging, the molecular mechanisms 

involved, neuronal plasticity and possible therapeutic strategies to combat aging-related 

cognitive deficits are urgent needs for our aging society.

Aging is associated with increased neuroinflammation, diminished motor function and 

cognitive decline in both humans and mice. In fact, non-steroidal anti-inflammatory drugs 

(NSAIDs), such as ibuprofen, have been associated with a reduction in the incidence of AD 

(in t’ Veld, et al., 2001) and increased longevity in simple organisms (He, et al., 2014). 

Therefore, in this study, we used young (3 month-old), middle-aged (18 month-old), aged 

(24 month-old) and advanced-aged (30 month-old) mice to address the age-dependent 

effects on synaptic plasticity, cognitive function and neuroinflammation throughout the life 

span of mice. The ages of 3, 18, 24 and 30 months in mice are estimated to correspond to 20, 

56, 69 and 81 years of age in humans, respectively (Fox, 2007). Furthermore, the 30-month-

old mice were subacutely treated with ibuprofen to determine if synaptic plasticity and 

cognitive deficits are reversible at an advanced age. We report here the aging-dependent 
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synaptic deficits and cognition decline, and show that anti-inflammatory drug ibuprofen is 

beneficial in rescuing these detrimental effects.

2. Methods

2.1. Animals

Male mice with different ages (3, 18, 24 and 30 months) were obtained from the National 

Institute on Aging. All mice were housed in standard 12 hr light-dark cycle and fed normal 

chow ad libitum. In some experiments, mice (30 months-old) were administrated with 0.14 

mg/ml ibuprofen in drinking water according to previous methods (Kofidis, et al., 2006) and 

allowed to drink ad libitum. All animal procedures were approved by the Animal Study 

Committee at Mayo Clinic and in accordance with the regulations of the American 

Association for the Accreditation of Laboratory Animal Care.

2.2. Western Blot and ELISA

Samples were homogenized and incubated in PBS containing 1% Triton X-100, 

supplemented with protease inhibitor mix and PhosSTOP (Roche). Equal amounts of protein 

(by Bradford assay) were resolved by SDS-PAGE and transferred to PVDF membranes. 

After the membranes were blocked, proteins were detected with primary antibody for 

overnight at 4°C. Membrane was probed with LI-COR IRDye secondary antibodies and 

detected using the Odyssey infrared imaging system (LI-COR). The following antibodies 

were used in this study: anti-PSD-95 (Cell Signaling), anti-synaptophysin (Millipore), anti-

GFAP (Millipore) and anti-β-actin (Sigma) antibodies. Levels of PSD-95, and GFAP were 

also determined by enzyme-linked immunosorbent assay (ELISA) as previously described 

(Shinohara, et al., 2013).

2.3. Extracellular Recordings

After at least one week following behavioral testing, mice were sacrificed and hippocampi 

were dissected out for electrophysiological experimental paradigms in ice-cold cutting 

solution containing 110 mM sucrose, 60 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 28 mM 

NaHCO3, 0.6 mM sodium ascorbate, 5 mM glucose, 7 mM MgCl2 and 0.5 mM CaCl2 as 

previously described (Rogers, et al., 2011, Rogers, et al., 2013). Field excitatory post-

synaptic potentials (fEPSPs) were obtained from area CA1 stratum radiatum with the use of 

a glass microelectrode (2–4 mΩ) filled with artificial cerebrospinal fluid (aCSF) containing 

125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 25 mM glucose, 1 mM 

MgCl2 and 2 mM CaCl2. fEPSPs were evoked through stimulation of the Schaffer 

collaterals using a 0.1 msec biphasic pulse delivered every 20 sec. After a consistent 

response to a voltage stimulus was established, threshold voltage for evoking fEPSPs was 

determined and the voltage was increased incrementally every 0.5 mV until the maximum 

amplitude of the fEPSP was reached (I/O curve). All other stimulation paradigms were 

induced at the same voltage, defined as 50% of the stimulus voltage used to produce the 

maximum fEPSP amplitude, for each individual slice. Paired-pulse facilitation (PPF) was 

induced with two paired-pulses given with an initial delay of 20 msec and the time to the 

second pulse incrementally increased 20 msec until a final delay of 300 msec was reached. 

A fEPSP baseline response was then recorded for 20 min. The tetanus used to evoke LTP 
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was a theta-burst stimulation (tbs) protocol consisting of five trains of four pulse bursts at 

200 Hz separated by 200 msec, repeated six times with an inter-train interval of 10 sec. 

Following tbs, fEPSPs were recorded for 60 min. Potentiation was measured as the increase 

of the mean fEPSP descending slope following tbs normalized to the mean fEPSP 

descending slope of baseline recordings.

2.4. Fear conditioning test

This test was conducted in a sound attenuated chamber with a grid floor capable of 

delivering an electric shock and freezing was measured with an overhead camera and 

FreezeFrame software (Actimetrics, Wilmette, IL). Mice were initially placed into the 

chamber and undisturbed for 2 minutes, during which time baseline freezing behavior was 

recorded. An 80-dB white noise served as the conditioned stimulus (CS) and was presented 

for 30 sec. During the final 2 sec of this noise, mice received a mild foot shock (0.5mA), 

which served as the unconditioned stimulus (US). After 1 minute, another CS-US pair was 

presented. The mouse was removed 30 sec after the second CS-US pair and returned to its 

home cage. Twenty-four hours later, each mouse was returned to the test chamber and 

freezing behavior was recorded for 5 minutes (context test). Mice were returned to their 

home cage and placed in a different room than previously tested in reduced lighting 

conditions for a period of no less than one hour. For the auditory CS test, environmental and 

contextual cues were changed by: wiping testing boxes with 30% isopropyl alcohol instead 

of 30% ethanol; replacing white house lights with red house lights; placing a colored plastic 

triangular insert in the chamber to alter its shape and spatial cues; covering the wire grid 

floor with opaque plastic; and altering the smell in the chamber with vanilla extract. The 

animals were placed in the apparatus for 3 min and then the auditory CS was presented and 

freezing was recorded for another 3 min (cued test). Baseline freezing behavior obtained 

during training was subtracted from the context or cued tests to control for animal 

variability.

2.5. Hidden platform water maze (HPWM)

Mice were trained to locate an escape platform hidden just beneath the water surface. The 

training trials lasted for 4 days, 4 trials per day with an inter-trail interval of 1 min. Goal 

latencies were obtained using automated video tracking software (ANY-maze). On day 5, 

the platform was removed and mice were allowed to free swim for 60 sec (probe) and time 

spent in quadrants and number of target platform entries calculated.

2.6. Rotarod test

This test was performed on an accelerating rotarod apparatus (Rotamex-5 Columbus 

instruments) with a 3cm diameter rod starting at an initial rotation of 4 RPM accelerating to 

40 RPM over 5 minutes. Mice were tested for the time spent on the rod during each of four 

trials per day, for two consecutive days. Testing is completed when the mouse falls off the 

rod (distance of 12 cm) onto a cushioned platform.
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2.7. Open field activity (OFA) and Elevated plus maze (EPM)

General locomotor activity and anxiety were measured with an open field task. Mice were 

placed in the center of an open-field arena (40 × 40 × 30 cm, W × L × H), and allowed to 

roam freely for 15 minutes. An overhead camera was used to track movement with 

AnyMaze software (Stoelting Co., Wood Dale, IL). Mice were analyzed for total locomotor 

activity by measuring the total distance traveled in the apparatus. Mice were analyzed for 

anxiety-like behavior by measuring the distance traveled in an imaginary “center” zone (20 

× 20 cm) normalized to the total distance traveled (center : total distance ratio). General 

anxiety levels were measured with the use of the elevated plus maze (EPM). The EPM 

consists of two well-lit open arms (30 × 5 cm) facing each other and two enclosed arms (30 

× 5 × 15 cm) which faced each other. Each arm is attached to a common center open-square 

platform (4.5 cm) and elevated 40 cm off the floor. Mice were placed in the central open 

square platform facing the closed arms and allowed to explore for a 5 min period. The total 

time spent in the open arms and closed arms were recorded and analyzed with ANY-Maze 

animal activity system (Stoelting Co, Wood Dale, Illinois). Anxiety levels were assessed as 

the ratio of time spent in the open arms vs. closed arms.

2.8. Statistical analysis

For all data, a one-way ANOVA was used to determine significance (p<0.05). A post-hoc 

Tukey’s multiple comparison test was used to assess significance between groups and are 

reported as p-values (*, p<0.05; **p<0.01; ***, p<0.001).

3. Results

Aging is associated with exacerbated astrogliosis and compromised synapses

GFAP expression is increased in activated astrocytes and is an indicator of the astrocyte-

related inflammatory state of the central nervous system (CNS) (Haley, et al., 2010). To 

determine whether aging results in increased activation of astrocytes, we examined the 

protein levels of GFAP by both Western blotting and ELISA in the brains of wild-type 

C57BL/6 mice at different ages (3, 18, 24 and 30 months). GFAP levels were significantly 

elevated in 30 month-old mice when compared to either 3 month-old or 18 month-old mice 

by Western blot analysis in both the cortex (Fig. 1A) and hippocampus (Fig. 1B). Consistent 

with the Western blotting results, ELISAs also showed age-dependent activation of 

astrocytes, where GFAP levels were significantly elevated in 18 month-, 24 month- and 30 

month-old mice in the cortex (Fig. 1C) and hippocampus (Fig. 1D). Furthermore, 30 month-

old mice also had significantly higher GFAP levels compared to 18 month- and 24 month-

old mice in both the cortex (Fig. 1C) and hippocampus (Fig. 1D). Taken together, these 

findings indicate that aging is significantly accompanied by astrogliosis in mouse brains.

PSD-95 is a scaffolding protein in the post-synaptic density that organizes postsynaptic 

proteins and glutamate receptors. It plays a vital role in synaptic plasticity; PSD-95 

knockout mice have deficits in hippocampal LTP (Carlisle, et al., 2008, Yao, et al., 2004). 

Synaptophysin is a presynaptic protein that also plays a critical role in synaptic function and 

related cognition (Schmitt, et al., 2009). To determine if aging is associated with 

compromised synaptic integrity, we examined the protein levels of PSD-95 and 
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synaptophysin in our aging cohorts. Western blotting showed that PSD-95 levels were 

decreased in 30 month-old mice compared to 3 month-old mice in both cortex (Fig. 2A, B) 

and hippocampus (Fig. 2D, E). Although there was a modest reduction, PSD-95 levels were 

not significantly reduced in 18 month- or 24 month-old mice when compared to 3 month-old 

mice (Fig. 2A–E). However, there were no significant differences in synaptophysin levels 

between cohorts in either the cortex (Fig. 2A, C) or hippocampus (Fig. 2D, F). Reduced 

PSD-95 levels in 30 month-old advanced-aged mice in cortex (Fig. 2G) and hippocampus 

(Fig. 2H) were also confirmed by ELISA. Taken together, these findings indicate that 

significant decline of postsynaptic proteins become evident only after 30 months of age, 

although presynaptic proteins appear to be relatively preserved during aging.

Aging disturbs hippocampal synaptic plasticity and cognition

With the use of extracellular recording techniques, we determined how aging influences 

synaptic transmission and plasticity in hippocampi of our aging cohort. We found that theta 

burst stimulation-induced LTP between Schaffer collateral-CA1 region was diminished in an 

age-dependent manner (Fig. 3A–C); 24 month- and 30 month-old mice had significant 

suppression of LTP compared to 3 month-old mice, while 18 month-old mice had a trend for 

the reduction of LTP compared to 3 month-old mice. Also, there was a significant difference 

in LTP between 18 month- and 30 month-old mice (Fig. 3D). In addition, we did not observe 

any significant changes in short-term plasticity evaluated by PPF testing between 

experimental groups (Fig. 3E), which indicates preserved presynaptic-dependent function. 

Taken together, these data suggest that LTP is gradually, but progressively, disturbed during 

aging in the mouse hippocampus likely due to postsynaptic alterations.

To assess aging effects on mouse cognition, we first examined associative fear conditioned 

learning and memory in our aging cohort. Mice were trained with a standard two-shock 

protocol as previously described (Cook, et al., 2014, Cook, et al., 2015, Rogers, et al., 2011). 

To assess if aging diminishes contextual memory, which is hippocampal dependent, the mice 

were tested for freezing to the context at 24 hours after training. We found that context-

dependent freezing was diminished as early as at 18 months of age without progression (Fig. 

4A). Changes in fear memory to the cue, which is both amygdala and hippocampal 

dependent, were significantly diminished only in 30 month-old cohort compared to 3 month-

old mice 24 hours after training (Fig. 4B). These results suggest that hippocampal dependent 

associative learning and memory, rather than amygdala dependent, are vulnerable during 

aging.

To determine if aging affects spatial learning and memory, the mice were tested in the 

HPWM task. Mice were trained using an experimental paradigm of four trials per day with 

an inter-trial interval of 1 min. There were no significant differences in distance to find the 

hidden platform during training days between the cohorts with different ages (Fig. 4C). 

However, 24 month- and 30 month-old mice had significantly fewer platform crossings (Fig. 

4D) and target quadrant entries (Fig. 4E) compared to young mice during the probe trial 

conducted on day 5, indicating diminished memory retention of platform location. There 

was a modest decline of target quadrant entries and platform crossing in 18 month-old mice, 
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but this effect was not significant (Fig. 4D, E). These data demonstrate that aging diminishes 

spatial learning in wild-type mice beginning at 24 months of age.

Aging is associated with decreased motor function and motor memory. In fact, young mice 

had faster swim speed compared to the aged and advanced-aged mice in HPWM task (Fig. 

4F). Thus, we next tested these mice on the rotarod spinning wheel task. Mice were tested 

for the time spent on the rod during each of the four trials per day, for two consecutive days. 

Although all groups spent significantly more time on the rod during the last trial of training 

compared to the first trial, 3 month-old mice spent significantly more time on the rod 

compared to 18, 24 and 30 month-old cohorts (Fig. 5A). These findings suggest that middle-

age, aged and advanced-aged mice have motor function deficits compared to young mice, 

but maintain motor memory function at least up to 30 months of age.

Furthermore, the mice were tested in the open field and elevated plus maze (EPM) to 

determine if aging alters somatosensory input and anxiety levels. We found that 30 month-

old mice traveled significantly less than the 3 month- and 18 month-old mice in the open 

field (Fig. 5B), indicating a general decrease in locomotor activity. However, we found that 

aging had no effect on the center:total distance ratio in the open field among the groups, 

suggesting that anxiety-like behavior was not impacted by aging (Fig. 5C). Consistent with 

this, the EPM test also did not detect age-dependent differences in the ratio of time spent in 

the open arms to the closed arms of the elevated maze (Fig. 5D). Thus, aging has no 

significant effect on anxiety levels in these mice, and therefore the aging effects observed in 

spatial or associative learning are not attributable to alterations in anxiety, but rather 

cognitive function.

Aging-related LTP and cognitive deficits are rescued with subacute ibuprofen treatment

To determine if the aging-associated neuroinflammation and synaptic deficits are reversible 

with pharmacological approaches, we subacutely treated 29 month-old mice with or without 

ibuprofen administered in drinking water for 6 weeks. Following the treatment, levels of 

GFAP, PSD-95 and synaptophysin were analyzed in the hippocampus by Western blotting 

(Fig. 6A–C). While GFAP levels were elevated in the advanced-aged 30 month-old mice 

compared to young 3 month-old mice, the mice treated with ibuprofen had significantly 

reduced levels of GFAP (Fig. 6B), comparable to those of young mice. However, there were 

no ibuprofen-related alterations in the levels of PSD-95 (Fig. 6C). Taken together, these 

findings suggest that the chronic and progressive increase of neuroinflammation is 

reversible, even at an advanced age, through pharmacological approaches.

To determine effects of ibuprofen treatment on synaptic plasticity in advanced-aged mice, 30 

month-old mice were treated with or without ibuprofen containing water for 6 weeks. 

Following treatment, LTP was measured in the Schaffer collateral-CA1 region and compared 

with young 3 month-old mice. PPF testing to measure presynaptic function detected no 

significant changes among the experimental groups (Fig. 6D). While 30 month-old mice had 

significantly reduced LTP compared to 3 month-old mice, subacute treatment with ibuprofen 

restored LTP in the advanced-aged mice to the levels that are indistinguishable from young 

mice (Fig. 6E, F). Furthermore, consistent with the results from LTP, associative memory as 

tested by fear conditioning was also improved with subacute ibuprofen treatment in the 30 
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month-old mice both in contextual (Fig. 6G) and cued (Fig. 6H) conditions. These findings 

suggest that aging-related deficits of LTP and associative memory can be rescued through 

the subacute treatment with anti-inflammatory drugs such as ibuprofen.

4. Discussion

In spite of the fact that cognitive performance is unequivocally influenced by aging, our 

knowledge regarding the pathogenesis of aging-related cognitive decline is still limited. 

Effective therapeutic interventions for the pathogenic conditions have also not been 

established. Rodent models of aging and cognitive decline are used to mimic human aging in 

order to identify the underlying molecular mechanisms of cognitive aging. In humans, aging 

is associated with a decline of working memory, executive function, and processing speed. 

Notably, impaired episodic memory, including spatial memory is associated with aging 

(Kukolja, et al., 2009, Plancher, et al., 2010, Uttl and Graf, 1993). The age-related 

impairment is identified as a mild deficit in acquisition of information and an increase in 

forgetfulness (Davis, et al., 2003). The decline of cognitive function in humans is 

progressive, usually starting at middle age, and an increase in forgetting may be an early 

sign of impaired synaptic transmission and plasticity (Christensen, et al., 1999, Colsher and 

Wallace, 1991, Mungas, et al., 2005, Schonknecht, et al., 2005).

In rodents, memory deficits are related to impaired hippocampal function. The progressive 

decline of memory is associated with a decrease in hippocampal volume (Kramer, et al., 

2007, Mueller, et al., 2007, Mungas, et al., 2005, Reuter-Lorenz and Park, 2010). The 

“calcium hypothesis of brain aging” states that aging alters calcium regulation, which results 

in impairment of neuronal function (Khachaturian, 1984, Landfield and Pitler, 1984). 

Specifically in rat models of aging, calcium-dependent processes associated with learning 

and memory are altered in the hippocampus. These changes include increased slow after 

hyperpolarizations (sAHP) (Disterhoft, et al., 1996, Landfield and Pitler, 1984, Moyer, et al., 

1992), deficits in LTP (Barnes and Kidd, 1979, Barnes, 1994, Shankar, et al., 1998), and 

increased long-term depression (Norris, et al., 1998, Norris, et al., 1996). Furthermore, the 

decline of these hippocampal processes are correlated with memory deficits in hippocampal-

dependent memory tasks (Thibault and Landfield, 1996). However, to our knowledge, a 

comprehensive study of the effects of aging on cognitive function, synaptic integrity and 

inflammation have not been conducted in a mouse model of aging. In this study, we have 

comprehensively assessed the effects of aging on mouse cognitive function and synaptic 

plasticity by comparing these phenotypes in wild-type mice with increasing ages (3, 18, 24 

and 30 months). We found that mice had hippocampal-dependent associative memory 

deficits at 18 months of age and older as tested in contextual fear conditioning. In fact, 

associative memory observed as a decrease in recall and recognition is one of the cognitive 

abilities that are predominantly impaired with aging in humans (Johnson, et al., 2008, 

Troyer, et al., 2011). On the other hand, spatial cognitive deficits were first observed in older 

24 month-old mice as tested by HPWM task in our mouse cohorts. Thus, these variable 

vulnerabilities across the lifespan suggest that aging has distinctive effects on different types 

of learning and memory. Synaptic plasticity monitored by LTP generally represents the 

cellular mechanisms of learning and memory (McNaughton, et al., 1986, Morris, et al., 

1986a, Moser, et al., 1998). Consistent with the results from HPWM test, significant LTP 
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deficits were noticeable in 24 month-old mice and this decline was further exacerbated in 30 

month-old mice. In rats, impairments in temporal/spatial learning memory (Morris, et al., 

2013, Morris, et al., 1982, Morris, et al., 1986b, Moser, et al., 1998, Thibault and Landfield, 

1996) and LTP (Rex, et al., 2005, Rex, et al., 2006, Wang, et al., 2012) begin as early as 18 

months of age. The differences observed between rats and mice may be explained by species 

variance and/or methods used for experimentation or analysis. Nonetheless, our studies are 

in general agreement with what is observed in the aging rat model and validate that mice can 

be used to model CNS and cognitive aging.

Neuroinflammation is a common feature of brain aging (Ojo, et al., 2015). GFAP expression 

is increased in activated astrocytes, representing the inflammatory state of the CNS (Haley, 

et al., 2010). GFAP levels progressively increase with age in humans, rhesus macaques and 

rodents (Haley, et al., 2010, Middeldorp and Hol, 2011). We also demonstrate that 

upregulation of GFAP levels had already begun to increase at the age of 18 months in mice, 

which progressively increase in an age-dependent manner. Of note, the age-dependent 

astrocyte activation preceded spatial cognitive deficits and LTP suppression in our mouse 

cohorts. Aging-related changes in LTP have been reported for all regions of the 

hippocampus, where the neuroinflammatory changes and oxidative stress are likely central 

events that diminish LTP (Lynch, 1998a, Lynch, 1998b, Lynch, 2010). Indeed, repeated mild 

traumatic brain injury leads to chronic neuroinflammation in mice, resulting in synaptic 

plasticity deficits and associative cognitive deficits (Aungst, et al., 2014). This evidence 

demonstrates the impact of neuroinflammation on synaptic plasticity.

Most importantly, our findings clearly demonstrated that subacute ibuprofen treatment 

rescues LTP deficits as well as contextual and associative memory deficits in advanced-aged 

mice, which is accompanied with reduced GFAP levels in the brain. While subacute 

ibuprofen treatment improves memory and synaptic plasticity in amyloid AD mouse models 

(Kotilinek, et al., 2008, Van Dam, et al., 2010), to our knowledge, this is a first report 

showing the protective effects of ibuprofen against cognitive decline in aged wild-type mice. 

Ibuprofen is one of the classical types of NSAIDs, which suppresses the prostaglandin 

biogenesis from arachidonic acid by inhibiting functions of cyclooxygenase (COX)-1 and 

COX-2 (Cunningham and Skelly, 2012). Chronic inflammation occurs in the hippocampus 

of aged rats. Interleukin-1β (IL1β), tumor necrosis factor α, and prostaglandin E2 increase 

with age in the rat hippocampus. Importantly, chronic oral treatment with celecoxib, a 

selective COX-2 inhibitor, rescues the age-dependent increase in hippocampal 

neuroinflammation in rats (Casolini, et al., 2002). Treatment with sulindac, a non-specific 

COX inhibitor, also prevents the age-related increase in the pro-inflammatory cytokine IL1β 
in the hippocampus of aged rats. This rescue is accompanied by reduced age-related deficits 

in hippocampal-dependent learning and memory as assessed in the radial arm water maze 

and contextual fear conditioning tasks. Sulindac treatment also attenuated an age-related 

decrease in the NR1 and NR2B NMDA receptor subunits, which are associated with PSD-95 

at the post-synaptic cleft (Mesches, et al., 2004). Since prostaglandins trigger diverse 

inflammatory cascades in the brain (Cunningham and Skelly, 2012), subacute ibuprofen 

treatment may also rescue aging-related cognitive declines by preventing the prostaglandin-

mediated neuroinflammation via COX-2 inhibition. However, COX-2 is controversially 

required to mediate the consolidation of hippocampal-dependent memory in rats (Teather, et 

Rogers et al. Page 9

Neurobiol Aging. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 2002). Therefore, it is possible that the beneficial effects of ibuprofen treatment may be 

independent of COX-2. Consistent with our results, proteomic analysis of the hippocampus 

of mice treated with ibuprofen for 6 months also identified the down-regulations of GFAP 

(Matsuura, et al., 2015), although further studies are needed to determine whether ibuprofen 

directly influences GFAP levels or indirectly modify them by blocking prostaglandin-

mediated neuroinflammation. Thus, astrocytes are predicted to play a critical role in 

regulating cognitive functions during aging.

In addition, aging-related cognitive deficits are likely associated with reduced postsynaptic 

density in hippocampal excitatory synapses (Nicholson, et al., 2004). We also show that 

PSD-95 is significantly decreased in the cortex and hippocampus at 30 months of age, while 

the presynaptic marker synaptophysin was unaltered. Post-synaptic receptors for 

neurotransmitters are most highly concentrated in the post-synaptic density (Kennedy, 

2000), where PSD-95 serves as a scaffolding protein (de Bartolomeis, et al., 2013). In fact, 

mutant PSD-95 causes LTP deficits and cognitive declines in a mouse model (Migaud, et al., 

1998). However, since PSD-95 was only decreased at 30 months of age in our aging mouse 

cohorts, deficits of synaptic integrity cannot account for all of the deficits observed in the 

aging mouse. Furthermore, we found that subacute ibuprofen treatment rescues aging-related 

cognitive declines without ameliorating the reduction of PSD-95 levels. Thus, the activation 

of astrocytes and/or immune system may be an initiating event to cause the disturbances of 

postsynaptic density during aging, while it is possible that they are an independent 

phenomenon.

In summary, our studies expand the knowledge for aging-related cognitive decline using the 

aging mouse model at middle-aged, aged and advanced ages. We demonstrate that 

astrogliosis continues to increase throughout the life span of the mouse, which is associated 

with decreased synaptic plasticity and hippocampal-dependent cognitive deficits. 

Importantly, the aging-associated deficits in synaptic plasticity and cognition are rescued 

with subacute ibuprofen treatment. Therefore, our findings provide strong evidence that 

astrocyte-related neuroinflammation is a major factor contributing to aging-related cognitive 

deficits, which is a promising therapeutic target to treat aging-related synaptic and cognitive 

decline.
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Highlights

• Aging disturbs hippocampal synaptic plasticity and cognition

• Astrocyte-related neuroinflammation contributes to aging-related cognitive 

deficits

• Aging-related synaptic and cognitive deficits are rescued with ibuprofen 

treatment
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Fig. 1. 
Levels of the astrocyte marker GFAP are increased in an age-dependent manner. (A and B) 

GFAP levels were analyzed in the cortex (A) and hippocampus (B) from wild-type C57BL/6 

mice by Western blotting at the ages of 3, 18, 24 and 30 months (n=4/group). (C and D) 

GFAP levels were analyzed in the cortex (C) and hippocampus (D) from the above described 

mice by ELISA (n=4–9/group). Data are plotted as mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001.
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Fig. 2. 
Postsynaptic marker PSD-95 is selectively decreased in the brains of advanced-aged mice. 

(A–C) Levels of a postsynaptic marker PSD-95 and a presynaptic marker synaptophysin 

(Syn) were analyzed in the cortex from wild-type C57BL/6 mice by Western blotting at the 

ages of 3, 18, 24 and 30 months (n=4/group). (D–F) Levels of PSD-95 and synaptophysin 

were analyzed in the hippocampus from the above described mice by Western blotting (n=4/

group). (G and H) PSD-95 levels were analyzed in the cortex (G) and hippocampus (H) from 

the above described mice by ELISA (n=4–9/group). Data are plotted as mean ± SEM. 

*p<0.05, **p<0.01.
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Fig. 3. 
Mouse hippocampal LTP is suppressed in an aging-dependent manner. (A–C) LTP was 

induced with theta burst stimulation (5 bursts of 200 Hz separated by 200 msec, repeated 6 

times with 10 sec between the 6 trains) after 20 min of baseline recording and changes in 

fEPSP slope are expressed as a percentage of baseline. LTP expression of 3 month (A–C, 

n=13), 18 month (A, n=20), 24 month (B, n=14) and 30 month (C, n=14) old wild-type 

C57BL/6 are shown. (D) The last 5 min of fEPSPs slope recordings were averaged for LTP 

analysis. (E) Paired-pulse facilitation (PPF) was induced with the use of paired-pulses given 

with an initial delay of 20 msec and the time to the second pulse was increased 20 msec 

incrementally until a final delay of 300 msec was reached. Data are plotted as mean ± SEM. 

*p<0.05, **p<0.01.
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Fig. 4. 
Aging compromises cognitive performance in mice. (A and B) Associative memory was 

assessed in wild-type C57BL/6 mice with the use of fear conditioning with a standard 2-

shock protocol at the ages of 3 months (n=14), 18 months (n=14), 24 months (n=14) and 30 

months (n=13). Freezing to the context (A) or the cue (B) was assessed for 3 min at 24 hr 

post-training. (C–F) Hippocampal-dependent spatial memory was tested by a hidden 

platform water maze (HPWM) paradigm. Mice were trained in the HPWM for 4 days with 4 

trials per day. On day 5, the platform was removed and a 60 sec probe trial was conducted. 

Travel distances were plotted against the training days (C). Frequency of platform crossings 

(D) and target quadrant entries (E) during the probe trail, and Swim speed (F) were also 

assessed. Data are plotted as mean ± SEM. *p<0.05, **p<0.01.
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Fig. 5. 
Aged mice exhibit locomotor deficits. (A) Wild-type C57BL/6 mice were tested on a 

standard rotarod apparatus for two days with 4 trials per day at the ages of 3 months (n=14), 

18 months (n=14), 24 months (n=14) and 30 months (n=13). (B and C) The mice were tested 

in the open field assay and distance traveled and center:total distance ratio were analyzed. 

Note, advanced aged mice (30 month old mice, Black; n=13) travel less total distance 

compared to 3 month old (white; n=14) and 18 month old (red; n=14) mice (*, p<0.05). Data 

represent the distance traveled (B) and the center:total distance ratio (C). (D) Mice 

underwent elevated plus maze testing for anxiety-like behavior. Data represent the ratio of 

time spent in the open arms vs. the closed arms of the elevated maze. Data are plotted as 

mean ± SEM. *p<0.05.
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Fig. 6. 
Subacute ibuprofen treatment rescues the aging-related LTP deficit and cognitive decline. 

(A–C) Levels of GFAP and PSD-95 were analyzed by Western blotting in the hippocampus 

of 3 month and 30 month old wild-type C57BL/6 with or without ibuprofen treatment (n=4/

group). (D–F) LTP of 3 month (n=11) and 30 month (n=12) old wild-type C57BL/6 without 

ibuprofen treatment, and 30 month old mice (n=12) with ibuprofen treatment were 

measured. PPF was induced with the use of paired-pulses given with an initial delay of 20 

msec and the time to the second pulse was increased 20 msec incrementally until a final 

delay of 300 msec was reached (D). The LTP expressions of the mice are shown (E). The 

last 5 min of fEPSPs slope recordings were averaged for LTP analysis (F). (G and H) The 

mice were analyzed by fear conditioning test with a standard 2-shock protocol at the ages of 

3 months (n=20) and 30 months (n=15) without ibuprofen treatment, and 30 months (n=15) 

with ibuprofen treatment. Freezing to the context (G) or the cue (H) was assessed for 3 min 

at 24 hr post-training. Data are plotted as mean ± SEM. *p<0.05, **p<0.01.
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