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Summary

A redox-mediated decrease in N-methyl-D-aspartate (NMDA) receptor function contributes to 

psychiatric diseases and impaired cognition during aging. Inflammation provides a potential 

source of reactive oxygen species for inducing NMDA receptor hypofunction. The current study 

tested the hypothesis that the non-steroidal anti-inflammatory drug indomethacin, which improves 

spatial episodic memory in aging rats, would enhance NMDA receptor function through a shift in 

the redox state. Male F344 young and aged rats were prescreened using a one-day version of the 

water maze task. Animals were then treated with the indomethacin or vehicle, delivered in a frozen 

milk treat (orally, twice per day, 18 days) and re-tested on the water maze. Indomethacin treatment 

enhanced water maze performance. Hippocampal slices were prepared for examination of CA3-

CA1 synaptic responses, long-term potentiation (LTP), and NMDA receptor-mediated synaptic 

responses. No effect of treatment was observed for the total synaptic response. LTP magnitude and 

NMDA receptor input-output curves were enhanced for aged indomethacin treated animals. To 

examine redox regulation of NMDA receptors, a second group of aged animals was treated with 

indomethacin or vehicle, and the effect of the reducing agent, dithiothreitol (DTT, 0.5 mM) on 

NMDA receptor mediated synaptic responses was evaluated. As expected, DTT increased the 

NMDA receptor response and the effect of DTT was reduced by indomethacin treatment. The 

results indicate that indomethacin acted to diminish the age-related and redox-mediated NMDA 

receptor hypofunction and suggests that inflammation contributes to cognitive impairment through 

an increase in redox stress.
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1. INTRODUCTION

An increase in oxidative stress during aging contributes to age-related cognitive decline due 

in part to a redox induced hypofunction of N-methyl-D-aspartate (NMDA)(Bodhinathan, et 

al., 2010,Kumar and Foster, 2013,Kumar, et al., 2018,Lee, et al., 2014,Robillard, et al., 

2011,Yang, et al., 2010). NMDA receptor activation contributes to the induction of synaptic 

plasticity, thought to underlie rapidly acquired and flexible episodic memory (Foster, 2012). 

NMDA receptor hypofunction and impaired episodic memory emerge in middle age, along 

with an increase in oxidative stress. The mechanisms for increased oxidative stress in the 

brain during aging are varied and complex, but likely involve inflammation and activated 

microglial cells.

Aging can be characterized by a persistent low level increase in serum markers of 

inflammation, and this rise in systemic inflammation is thought to contribute to age-related 

diseases, including age-related cognitive decline (Chen, et al., 2008,Gimeno, et al., 

2008,Murray, et al., 2012,Rafnsson, et al., 2007,Scheinert, et al., 2015,Teeling, et al., 2007). 

Microglia are the primary immune cell of the brain. Microglial activation can increase 

during aging (Blalock, et al., 2003,Ianov, et al., 2017,Ianov, et al., 2016,Wong, 2013,Zeier, et 

al., 2011) resulting in an increased production of reactive oxygen species (ROS) (Streit, et 

al., 2008).

Interestingly, non-steroidal anti-inflammatory drugs (NSAIDs) can ameliorate age-related 

cognitive deficits and impaired NMDA receptor-dependent synaptic plasticity (Casolini, et 

al., 2002,Jain, et al., 2002,Marquez Loza, et al., 2017,McGuiness, et al., 2017,Melnikova, et 

al., 2006,Mesches, et al., 2004,Small, et al., 2008). However, whether NSAIDs act on the 

redox-mediated NMDA receptor hypofunction is unknown. The current study was designed 

to determine if NSAID treatment would improve NMDA receptor function in a redox-

dependent manner. For this study, we employed indomethacin, which can improve cognition 

for conditions associated with microglial activation and oxidative stress, including aging 

(Bruce-Jones, et al., 1994,Kanno, et al., 2012,McGuiness, et al., 2017,Stephan, et al., 

2003,Yang, et al., 2015). The results of the current study confirms that indomethacin 

treatment rescued synaptic plasticity and improved age-related performance on a spatial 

episodic memory task. Furthermore, indomethacin treatment had effects specific to NMDA 

receptor function, increasing the NMDA receptor component of synaptic transmission and 

reversing the redox mediated NMDA receptor hypofunction.

2. EXPERIMENTAL PROCEDURES

2.1. Subjects

Young (3–5 months, n = 24) and aged (18–20 months, n = 48) male Fisher 344 rats were 

obtained from the National Institute on Aging colony (Taconic) through the University of 
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Florida Animal Care and Service facility. Animals were paired housed (2 per cage) and 

maintained on a 12:12 hr reverse light cycle with ad libitum access to water and food. All 

procedures involving animal subjects were reviewed and approved by the Institutional 

Animal Care and Use Committee and were in accordance with guidelines established by the 

U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals.

2.2. Behavioral characterization

2.2.1. Cue discrimination training—Prior to behavioral testing, rats were trained to 

voluntarily consume frozen strawberry milk vehicle treats. Methods employed to assess 

sensory-motor and memory deficits on the water maze have been published previously 

(McGuiness, et al., 2017). The experimental timeline is provided in Figure 1. Young rats (n 

= 24) and aged rats (n = 34) were trained on a cue version followed 3 day later by the spatial 

episodic memory version of the water maze task. This initial testing was employed as a 

prescreen for matching performance of aged animals in assigning treatment groups. Briefly, 

rats were first trained on the cue discrimination version of the water escape task. Animals 

were habituated to the pool by allowing for a 30 sec free swim and 4-guided attempts to 

climb onto the escape platform from the 4 different cardinal directions. The platform was 

extended approximately 1 cm above the water level and a white Styrofoam flag was 

attached. Training consisted of five blocks comprised of three trials with all training massed 

into one day. Inter-trial intervals were 20 sec and inter-block intervals were approximately 

15 minutes. For each trial, a rat was placed in the water in one of four equally spaced start 

locations (N, S, E, and W) and was allowed 60 sec to escape onto the platform. If an animal 

did not escape the water maze within the allotted time, the rat was gently guided to the 

platform. Rats remained on the platform between trials. After each trial block, the rats were 

placed in home cages under warming fans in order to prevent hypothermia. The platform 

position and start locations were randomized and relocated prior to the start of each 

subsequent trial. Rats that failed to find the visible platform at least two times during the last 

three trials were removed from the study and were not included in the analysis.

2.2.2 Spatial Discrimination Training—Three days following cue training, animals 

were trained on the episodic spatial discrimination task (Ianov, et al., 2017,Kumar and 

Foster, 2013,McGuiness, et al., 2017). For spatial discrimination, the escape platform was 

hidden approximately 1.5 cm beneath the water level and remained in the same location 

relative to the distal cues in the room for the duration of spatial training. Training procedures 

for spatial learning were similar to the cue discrimination task, consisting of four blocks of 

three trials with all training massed into a single day. Inter-trial intervals were 20 sec and 

inter-block intervals were approximately 15 minutes. On each trial, the rat was placed in the 

water from one of four start locations. Subjects had 60 sec to escape during each trial; if they 

did not escape within the allotted time, they were gently guided to the platform. Rats 

remained on the platform between trials and in cages under the heat lamp after each block. 

Start locations were randomized across each trial. Escape latency and escape path-length 

was measured. Fifteen min following the end of block 3 training, a free-swim probe trial was 

administered in order to test learning, followed by a final training block. For probe trials, the 

platform was removed and the animal placed in the tank for one minute. A spatial 

discrimination index score was computed according to the formula (G – O)/(G + O) where G 
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and O represent the percent of time spent in the goal quadrant and quadrant opposite the 

goal, respectively.

2.3. Indomethacin Treatment

Young rats were randomized to treatment groups. Due to the high variability of aged 

animals, aged rats matched by their discrimination index scores were assigned to the vehicle 

(Veh) or indomethacin (Indo) treatment groups. The indomethacin (Sigma) was added to 

strawberry flavored milk to produce the required dose (2.0 mg/ml) of indomethacin and 500 

μl of the frozen strawberry milk treat was voluntarily consumed, twice per day, for 18 days, 

starting at the end of the initial behavioral testing (McGuiness, et al., 2017,Ormerod, et al., 

2013). At the end of the 18 days of treatment, animals were retested on spatial episodic 

memory task. In this case, the platform location was changed to a new quadrant. Rats 

continued to receive the drug treatment twice a day for up to 10–12 additional days until 

killed for electrophysiology studies.

2.4. Hippocampal Slice Preparation

The methods for hippocampal slice preparation and recording have been published 

previously (Bean, et al., 2015,Bodhinathan, et al., 2010,Guidi, et al., 2015,Kumar and 

Foster, 2013). Briefly, rats were anesthetized with isoflurane (Halocarbon Laboratories, 

River Edge, NJ) and swiftly decapitated. The brains were rapidly removed and the 

hippocampi were dissected. Hippocampal slices (~ 400 μm) were cut parallel to the alvear 

fibers using a tissue chopper. The slices were incubated in a holding chamber (room 

temperature) containing standard artificial cerebrospinal fluid (aCSF) (in mM): NaCl 124, 

KCl 2, KH2PO4 1.25, MgSO4 2, CaCl2 2, NaHCO3 26, and glucose 10. Thirty to sixty min 

before recording, 2–3 slices were transferred to a standard interface recording chamber 

(Harvard Apparatus, Boston, MA); the chamber was continuously perfused with standard 

oxygenated (95% O2, 5% CO2) aCSF at a flow rate of 2 ml/min. The pH and temperature 

were maintained at 7.4 and 30 ± 0.5oC, respectively. Humidified air (95% O2, 5% CO2) was 

continuously blown over the slices.

2.5. Extracellular Recordings

Extracellular synaptic field potentials from CA3-CA1 hippocampal synaptic contacts were 

recorded with glass micropipettes (4–6 MΩ) filled with aCSF. Concentric bipolar stimulating 

electrodes (outer pole: stainless steel, 200 μm; inner pole: platinum/iridium, 25 μm, Fredrick 

Haer & Co, Bowdoinham, ME) were positioned on either side (approximately 1 mm) of a 

recording electrode localized to the middle of stratum radiatum to stimulate CA3 inputs onto 

CA1. Using a SD9 stimulator (Grass Instruments), filed potentials were induced by single 

biphasic stimulus pulses (100 μs), and were alternated between pathways such that each 

pathway was activated at 0.033 Hz. One stimulating electrode activated a control pathway to 

ensure that the effects of pattern stimulation were specific to activated synapses rather than a 

change in slice health. Stimulation intensity was set to elicit a response that was 50% of 

maximum excitatory postsynaptic potential (EPSP), and a stable baseline synaptic response 

was recorded for at least 10 min before pattern stimulation using the same stimulation 

intensity. Theta burst stimulation (TBS, four sets of five bursts of 4 pulses at100 Hz with 200 

msec intervals between bursts and the four sets separated by a 10 sec interval) was used for 
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induction of threshold long-term potentiation (LTP), and LTP was recorded for 60 min after 

TBS. The signals were amplified, filtered between 1 Hz and 1 kHz and stored on computer 

disk for off-line analysis (Data Wave Technologies, Longmont, CO). Two cursors were 

placed around the initial descending phase of the waveform and the maximum slope 

(mV/ms) of the EPSP was determined by a computer algorithm that found the maximum 

change across all sets of consecutively recorded points (20 kHz sampling rate) between the 

two cursors. To obtain the NMDA receptor-mediated component of synaptic transmission 

(NMDA receptor-EPSP) slices were incubated in aCSF containing low Mg2+ (0.5 mM), 6,7-

dinitroquinoxaline-2,3-dione (DNQX, 30 μM), and picrotoxin (PTX, 10 μM). Input-output 

curves for the total and NMDA receptor-EPSP (mV/mS) were constructed for increasing 

stimulation intensities.

Because water maze training may affect the NMDA receptor response and redox state of the 

hippocampus, we tested the effects of indomethacin on redox regulation of the NMDA-

mediated synaptic response in cage control aged animals. Aged animals randomly assigned 

to vehicle (age-Veh, n = 6) or indomethacin (age-Indo, n = 6) treatment groups received at 

least 32 total treatments (16 days) before hippocampal slices were collected for 

electrophysiology. The NMDA receptor component of synaptic transmission was isolated 

and a baseline of at least 10 min was collected before application of dithiothreitol (DTT, 0.5 

mM). The response was followed for an additional 60 min.

2.6. Statistical Analysis

Analyses of variance (ANOVAs) and regression analyses were carried out using StatView 

5.0 (SAS Institute Inc, NC). Post-hoc ANOVAs within age groups or Fisher’s protected least 

significant difference (PLSD) post-hoc tests, with p set at 0.05, were employed to localize 

differences. Initially, ANOVAs for age and treatment were conducted to determine if 

treatment influenced young animals. If no treatment effect was observed for young, then 

young-Indo and young-Veh were combined for further analysis. In the case, that analyses 

revealed an effect of treatment that included young animals, post-hoc comparisons were 

performed comparing each group (young-Veh; young-Indo; age-Veh; age-Indo) to the other 

three groups. For electrophysiological measures, in many cases, responses were recorded 

from multiple slices. Therefore, the number of animals and number of slices are reported 

and statistics were conducted using slice data. A one-tailed t-test was employed to test the 

effects of indomethacin on the DTT-induced increase in the NMDA receptor synaptic 

response. Indomethacin was predicted to reduce redox stress, such that the increase in the 

NMDA receptor response would be greater in slices from the age-Veh relative to the age-

Indo treatment group.

3. RESULTS

3.1. Cue discrimination

One aged animal from the indomethacin treatment group and one aged animal from the 

vehicle treatment group did not complete the treatment and were excluded from the analysis. 

For prescreening, animals (young = 24 and aged = 32) were first trained on the cue version 

of the water maze. A repeated measures ANOVA on escape pathlength indicated a 
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significant effect of training [F(4,216) = 41.28, p < 0.0001] and age [F(1,216) = 21.27, p < 

0.0001], in the absence of an interaction [F(4,216) = 1.67, p = 0.16] due to shorter escape 

pathlength for young rats relative to the aged group (Fig 2A). ANOVAs within each age 

group indicated a training effect (p < 0.0001) with a decrease in pathlength in each group. 

Examination of swim speed indicated a training effect [F(4,216) = 53.67, p < 0.0001] and an 

age difference [F(1,216) = 24.72, p < 0.0001], with young rats exhibiting faster swim speeds 

than aged rats, in the absence of an interaction [F(4,216) = 0.55, p = 0.7] (Fig 2B). Post-hoc 

ANOVAs within each age group indicated that aged rats increased their swim speed over the 

course of training (p < 0.0001) and young animals exhibited a tendency (0.057) to increase 

swim speed with training. All animals were able to escape from the pool within 60 s during 

the final training block.

3.2. Spatial discrimination

Three days following cue training, animals were trained on a short version of the spatial 

water maze involving three training blocks followed by a probe trial and a final training 

block. An ANOVA indicated an age x training block interaction for escape pathlength 

[F(3,162) = 8.5, p < 0.001]. ANOVAs within each age group indicated that the pathlengths 

decreased for each age group (p < 0.0001). Post-hoc ANOVAs for age effects within each 

block indicated age differences on blocks 3–4 (p < 0.001 in each case) due to shorter 

pathlength for younger rats (Fig 3A). An ANOVA for swim speed on the spatial task 

indicated an age x training block interaction [F(3,162) = 3.44, p < 0.05]. Subsequent 

ANOVAs indicate that each group exhibited a decrease in swim speed over the course of 

training (p < 0.001). An ANOVA for each block indicated faster swim speed by young 

relative to aged rats for each training block (p < 0.05) (Fig 3B).

Examination of the discrimination index scores for the probe trial indicated an age effect 

[F(1,54) = 11.77, p < 0.005], with young rats exhibiting better performances than aged rats 

(Fig 3C). Indeed, nearly a third of the aged animals exhibited discrimination index scores 

near or below chance. Despite the age difference, average discrimination index scores for 

both groups were > 0 (chance levels) confirming the acquisition of a spatial search strategy, 

which is in line with our observation that pathlength decreased across training blocks in both 

groups. Regression analysis within each age group was used to examine the relationship 

between spatial behavior (pathlength for the last block of spatial training) and performance 

on the cue discrimination task (last block of cue training). No correlation was observed 

indicating that differences in sensory motor performance did not contribute to variability in 

spatial behavior.

3.3. Influence of indomethacin treatment on spatial discrimination performance

Due to the fact that a large proportion of aged animals performed near chance on the probe 

trial, aged rats were pseudorandomly assigned to the vehicle or indomethacin treatment 

groups matched by their discrimination index scores (age-Veh = 16; age-Indo = 16). Young 

animals were randomly assigned to treatment groups (young-Veh = 11; young-Indo = 13) 

and no difference was observed for prescreening behavior between the treatment assignment 

groups. Following 18 days of indomethacin or vehicle treatment, a second round of spatial 

training was conducted using a different platform location. Since no treatment effect on 
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pathlength or swim speed was found across training blocks in young rats, they were 

collapsed into one group (n = 24) for analysis. A repeated measures ANOVA on escape 

pathlength indicated an effect of training [F(3,159) = 50.29, p < 0.0001] and a group 

difference [F(2,159) = 5.56, p < 0.01] (Fig 4A). There was a trend for an interaction of group 

and training block [F(6, 159) = 1.95, p = 0.077]. Fisher’s PLSD post-hoc tests confirmed 

young rats outperformed aged-Veh rats (p < 0.005) and tended to outperform aged-Indo rats 

(p = 0.062) on all trial blocks combined. Post-hoc ANOVAs within each trial block indicated 

that young rats outperformed aged-Veh on blocks 1, 2, and 4 and only outperformed aged-

Indo rats on block 3. Interestingly, aged-Indo rats outperformed aged-Veh rats on block 1. A 

repeated measures ANOVA revealed a decrease in swim speeds across training blocks 

[F(3,156) = 5.00, p < 0.005] in the absence of a group difference (p = 0.11) (Fig 4B).

For the probe trials, a repeated measures ANOVA was conducted on the discrimination 

index scores during the prescreening and following treatment. The results indicated an effect 

of age [F(1,52) = 24.22, p < 0.0001] and repeated testing [F(1,52) = 12.31, p < 0.001], in the 

absence of a main effect of treatment [F(1,52) = 1.74, p = 0.19] or interactions (all p-values 

> 0.3). However, post hoc ANOVAs for effects of repeated testing within each age and 

treatment group indicated that a significant improvement in the discrimination index score 

was limited to young-Indo [F(1,12) = 7.54, p < 0.05] and aged-Indo [F(1,15) = 4.65, p < 

0.05] groups, with a tendency (p = 0.07) for improved performance in the aged-Veh group 

(Fig 4C).

3.4. Effect of indomethacin treatment on synaptic function

To examine influence of indomethacin treatment on glutamatergic synaptic transmission at 

CA3-CA1 synapses, total field excitatory postsynaptic potentials were recorded from the 

CA3-CA1 hippocampal synapses in slices obtained from indomethacin and vehicle treated 

animals. Input-output curves were generated by plotting the fiber potential amplitude or 

slope of total synaptic response across different stimulation intensities for young (vehicle = 

12/6 slices/animals, indomethacin = 9/5 slices/animals) and aged (vehicle = 22/9 slices/

animals, indomethacin = 21/10 slices/animals) animals treated with indomethacin or vehicle. 

Because a repeated measures ANOVA across stimulation intensities indicated that treatment 

did not affect the fiber potential or EPSP in young rats (p = 0.5), young animals were 

collapsed into one group for analysis. A repeated measures ANOVA on the fiber potential 

indicated an effect of stimulation intensity [F(5,305) = 111.85, p < 0.00001] in the absence 

of a group effect (Fig 5B). Similarly, for the slope of the synaptic response, a repeated 

measures ANOVA indicated an effect of stimulation intensity [F(5,305) = 72.76, p < 

0.00001] in the absence of a group effect (Fig 5C). Relative to aged animals, a modest 

increase in the synaptic response was observed for young animals, but this difference was 

not significant (p = 0.14).

For some slices, stimulation was set to evoke a response ~50% of maximum. Following 

baseline recording, TBS was delivered to induce LTP. For statistical analysis, the average 

response during the last 5 min of 60 min recording was used to calculate the percent change 

relative to the averaged baseline response collected 10 min prior to pattern stimulation. An 

ANOVA for TBS-induced LTP indicated no effect of treatment on LTP in young (Veh: 10/6 
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slices/animals; indo 7/6 slices/animals) animals (p = 0.19); therefore; young groups were 

combined for further analysis. An ANOVA on the three groups indicated a group difference 

[F(2, 39) = 3.55, p < 0.05]. Fisher’s PLSD post-hoc tests indicated decreased LTP amplitude 

in aged-Veh (9/6 slices/animals) compared to aged-Indo (16/11 slices/animals) and young 

(17/6 slices/animals) (Fig 6).

For other slices, following the assessment of the total synaptic response, the NMDA receptor 

component of the synaptic response was pharmacologically isolated. Input-output curves for 

the fiber potential amplitude and NMDA receptor mediated synaptic response were recorded 

from CA3-CA1 hippocampal slices obtained from young (Veh: 11/6 slices/animals; indo: 

9/6 slices/animals) and aged (Veh: 16/9 slices/animals; Indo: 13/9 slices/animals) rats. A 

repeated measures ANOVA across stimulation intensities indicated no treatment effect on 

the fiber potential amplitude or the NMDA receptor response in young rats; therefore, young 

groups were combined for further analysis. Subsequent repeated measures ANOVAs 

indicated an increase in the fiber potential amplitude with increasing stimulation intensity 

[(F5,230) = 105.83, p < 0.0001], in the absence of a group differences (Fig 7B). 

Examination of the NMDA receptor synaptic response indicated an interaction of 

stimulation intensity and group [F(10,230) = 7.65, p < 0.0001]. Fisher’s PLSD post-hoc tests 

indicated a decreased in the synaptic responses in aged-Veh animals relative to young and 

aged-Indo animals (Fig 7C).

3.5. Indomethacin treatment influences redox-mediated NMDA receptor hypofunction

We hypothesized that indomethacin may decrease redox stress-mediated NMDA receptor 

hypofunction. However, differences in the NMDA receptor component could result from 

differences in learning or the stress associated with water maze training (Foster and Dumas, 

2001,Foster, et al., 1996,Nasca, et al., 2015,Quinlan, et al., 2004,Zinebi, et al., 2003). To 

remove learning or stress as potential confounds and, in order to examine the possibility that 

indomethacin was acting to influence the redox regulation of the NMDA response, another 

group of aged animals was treated for at least 18 days with indomethacin (n = 6) or vehicle 

(n = 6) and NMDA receptor mediated synaptic responses were collected from two slices per 

animal. Similar to aged animals trained in the water maze, input-output curves indicated no 

difference in the fiber potential amplitude, and NMDA receptor mediated synaptic responses 

were increased [F(1, 110) = 9.61, p < 0.01] for the animals treated with indomethacin (Fig 

8A & B). The NMDA receptor-EPSP slope was set a ~50% of maximum and recorded for 

10 min, followed by application of reducing agent, DTT (0.5 mM). Consistent with previous 

reports, DTT increased the synaptic response in slices from aged-Veh animals and the 

increase was highly variable, which has been associated with variability in cognitive 

function (Guidi, et al., 2015,Kumar and Foster, 2013,Lee, et al., 2014). If the effect of 

indomethacin is due to decreased redox stress, then the growth of the response due to 

application of DTT should be reduced in the indomethacin treatment group. As predicted, a 

one-tailed t-test confirmed that the growth of the NMDA response was reduced (t(22) = 

1.77, p < 0.05) for indomethacin treated (118.27+ 5.53) relative to vehicle treated animals 

(161.46+ 23.74) (Fig 8).
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4. DISCUSSION

The current study found that indomethacin treatment improved NMDA receptor function in 

aged animals. Furthermore, the mechanism for improved NMDA receptor function involved 

redox signaling. In the case of behavior, indomethacin minimized age differences in 

pathlength to find the escape platform and increased the discrimination index. The 

improvement in water maze performance, while modest, is consistent with several studies 

demonstrating that NSAID treatment can enhance cognition, particularly during aging 

(Casolini, et al., 2002,Jain, et al., 2002,McGuiness, et al., 2017,Melnikova, et al., 

2006,Mesches, et al., 2004,Rogers, et al., 2017,Small, et al., 2008).

The mechanism for NSAID effects on cognition have been linked to enhanced synaptic 

plasticity and NMDA receptor function (Mesches, et al., 2004,Rogers, et al., 2017,Stephan, 

et al., 2003). The increased NMDA receptor function and improved cognition may be due to 

indomethacin acting to inhibit microglia. Microglia exhibit complement activation and 

phagocytic activity associated with neuroinflammation and lipopolysaccharide treatment 

(Furst, et al., 2005,Vilalta and Brown, 2017,Zhang, et al., 2014). However, in this case, we 

would have expected differences in the total-EPSP due to AMPA receptor internalization 

following activation of the complement receptors or phagocytosis of synapses. The absence 

of a treatment effect on the total-EPSP suggests that indomethacin did not influence AMPA 

receptor function.

Microglial activation is associated with increased oxidative stress and indomethacin 

decreases oxidative stress through peroxisome proliferator-activated receptors gama 

activation and inhibition of cyclooxygenase-1 (COX1) and COX2 (Ajmone-Cat, et al., 

2010,Goncalves, et al., 2010,Huong, et al., 2011,Klegeris and McGeer, 2002,Pepicelli, et al., 

2002,Widmer, et al., 2007). The current study provides evidence that indomethacin 

treatment increased NMDA receptor function through a redox mechanism. First, previous 

work demonstrates that redox effects are specific to NMDA receptors and not observed for 

the AMPA receptor component of synaptic transmission (Bodhinathan, et al., 2010). In the 

current study, the effects of indomethacin were specific to the NMDA receptor component of 

synaptic transmission, consistent with a redox mechanism. Second, during oxidative stress, 

hydrogen peroxide acts as a signaling mechanism, generating disulfide bonds that alter the 

function of proteins, including NMDA receptors. DTT breaks disulfide bonds, enhancing 

NMDA receptor function under conditions of elevated hydrogen peroxide (i.e. redox stress) 

(Kumar, et al., 2018,Lee, et al., 2014). In the current study, indomethacin reduced the ability 

of DTT to enhance NMDA receptor synaptic responses, providing strong evidence for a 

redox mechanism. Finally, the enhancement of NMDA receptor function contributes to 

enhanced induction of LTP (Bodhinathan, et al., 2010,Foster, 2012) and indomethacin was 

associated with an increase in the NMDA receptor component of synaptic transmission and 

rescue of LTP in aged animals.

Variability in DTT effects on the NMDA receptor response are linked to the level of redox 

stress and cognitive function, such that DTT enhances the NMDA receptor response to a 

greater extent in cognitively impaired animals (Guidi, et al., 2015,Kumar and Foster, 2013). 

However, it is also possible that learning or stress associated with training on the water maze 
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could induce changes in synaptic function and redox state. Therefore, in order to examine 

the effects on indomethacin on redox regulation of NMDA receptors, it was important to 

employ naïve animals. As predicted, DTT had a larger and more variable effect on vehicle 

treated animals. Indeed, for indomethacin treated animals, the increase in the NMDA 

receptor response was similar to that reported for young animals and cognitively intact 

middle-age animals (Bodhinathan, et al., 2010,Kumar and Foster, 2013). The higher 

variability of vehicle treated animals is likely due to variability in redox stress and possibly 

variability in cognitive function.

The results are consistent with work indicating that indomethacin reduces oxidative stress in 

the hippocampus (Goncalves, et al., 2010,Horakova, et al., 1997,Huong, et al., 

2011,Miyamoto, et al., 2003). A decrease in oxidative stress may contribute to effects that 

have been described for other NSAID on the aging hippocampus. For example, oxidative 

stress influences hippocampal neurogenesis and indomethacin treatment increases 

neurogenesis in aged animals (Huang, et al., 2012,McGuiness, et al., 2017,Yang, et al., 

2015). Similarly, glial fibrillary acidic protein (GFAP) is an important component of 

astrocyte response to hydrogen peroxide (de Pablo, et al., 2013,Morgan, et al., 1997) and, 

depending on the activating signal, NSAIDs can reduce GFAP (Bates, et al., 2007,Heneka, et 

al., 2005,Rogers, et al., 2017).

An important aspect of the current research is that it strengthens the link between 

inflammation and NMDA receptor hypofunction through redox signaling. Stress induced 

activation of immune responses and NMDA receptor hypofunction is characteristic of 

several neurological diseases. A redox-mediated NMDA receptor hypofunction within the 

prefrontal cortex may shift the balance of excitatory/inhibitory synaptic interactions during 

development leading to schizophrenia (Steullet, et al., 2016). In adults, a stressor-induced 

NMDA receptor hypofunction contributes to depressive-like behavior (Ibi, et al., 2017). 

During aging, the redox mediated NMDA receptor hypofunction in the prefrontal cortex and 

hippocampus influence executive function and episodic memory, respectively (Guidi, et al., 

2015,Kumar and Foster, 2013,Kumar, et al., 2018). Indeed, systemic inflammation in young 

animals can mimic aging, inducing microglial activation and impairing NMDA receptor-

dependent synaptic plasticity (Di Filippo, et al., 2013,Maggio, et al., 2013).

In the case of normal aging and the onset of cognitive impairment, NMDA receptor 

hypofunction may be treatable, since receptor hypofunction emerges early as a component 

of reversible redox signaling rather than irreversible oxidative damage. In contrast, oxidative 

damage is more apparent with advanced age and neurodegenerative disease (Kumar, et al., 

2018). However, it is important to recognize that systemic inflammation and 

neuroinflammation play an important role in tissue repair, the response to toxic agents, and 

likely influences resilience to neurodegenerative disease. Other considerations include the 

increased use of NSAIDs by the elderly for pain relief and obstacles for NSAID treatment 

due to problems with efficacy and possible adverse effects that NSAIDs may create for the 

elderly (Barkin, et al., 2010,Johnson, 1998,Sarchielli, et al., 2006,Savage, 2005). Thus, there 

may be better approaches than chronic anti-inflammatory treatments or NSAIDs may be 

combined with other anti-inflammatory treatments. Environmental toxins, obesity, and 

lifestyle factors such as diet and exercise influence the aging process through several 
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mechanisms including epigenetics and feed forward and feedback mechanisms for 

regulating oxidative stress and the inflammation response. In each case, it will be interesting 

to determine if individual or combined manipulations that improve cognition are linked to 

NMDA receptor redox regulation.
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Highlights

• Redox state links N-methyl-D-aspartate (NMDA) receptor hypofunction to 

memory decline.

• Inflammation is a source of reactive oxygen species for NMDA receptor 

hypofunction.

• The anti-inflammatory drug, indomethacin, improved cognition, long-term 

synaptic plasticity, and NMDA-mediated synaptic responses.

• Indomethacin diminished the redox-mediated NMDA receptor hypofunction.
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Figure 1. 
Male F344 young (3–5 months, n = 24) and aged (18–20 months, n = 34) were handled daily 

and trained to eat frozen milk treats. All rats underwent to the cue discrimination version of 

the water escape on day one of the experiment. Three days following cue training, animals 

were trained on the episodic spatial discrimination task. Following behavior 

characterization, animals were matched for performance and treated with indomethacin, 

delivered in a frozen strawberry milk treat or vehicle (orally, twice per day). Starting 18 days 

after initiation of indomethacin treatment (36 treatments), animals were retested on the 

episodic spatial discrimination task. A subset of rats continued to receive the drug treatment 

twice a day for up to 12 additional days, until the hippocampus was prepared for slice 

electrophysiology studies.
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Figure 2. 
Animal’s performance on the cue version of the water maze. A) Pathlength (±SEM) to reach 

the escape platform and B) swim speed on each of the five training blocks (B1–B5) during 

cue discrimination training. Each point represents the mean (±SEM) for young (open circle) 

and aged (filled circle) animals.
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Figure 3. 
Performance during spatial discrimination prescreening. Mean (±SEM) pathlength A) and 

swim speed B) for the four training blocks (B1–B4) of the spatial discrimination task for 

young (open circle) and aged (filled circle) animals. (C) The scatter diagram illustrates 

variability in discrimination index scores of the probe trail for young (open) and aged (filled) 

animals. In each case, the solid line indicates the average discrimination index score for 

young and aged animals. The asterisk indicates a significant age difference.
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Figure 4. 
Indomethacin effects on performance of the spatial discrimination task. A) Mean escape 

pathlength (±SEM) for young (open circles), aged-Veh (filled circles) and aged-Indo (gray 

circles) animals. Asterisks indicate difference between young and aged-Veh animals. Pound 

sign indicates difference between young and aged-Indo animals. B) Swim speed decreased 

during training for young and aged-Indo groups and the swim speed of aged-Veh was 

reduced relative to young. C) Mean (+SEM) discrimination index scores of the prescreening 

probe trail (open) and following treatment (filled) for young and aged animals treated with 

vehicle (Veh) or indomethacin (Indo). Asterisks indicate difference in discrimination index 

scores between prescreening and following treatment.
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Figure 5. 
Slope of excitatory postsynaptic potentials (EPSPs) recorded from hippocampal CA3-CA1 

synapses. A) Example of an EPSP, illustrating the initial descending slope measured 

between the dashed lines and the fiber potential amplitude measured between the solid 

horizontal lines. B) The amplitude of presynaptic fiber volley was measured for increasing 

stimulation intensity and input-output curves were generated for young (open circles), aged 

vehicle (aged-Veh, filled circles), and aged indomethacin treated (aged-Indo, gray circles) 

animals. C) The initial slope of the EPSP was measured for increasing stimulation intensity 

and input-output curves were generated for young (open circles), aged vehicle (aged-Veh, 

filled circles), and aged indomethacin treated (aged-Indo, gray circles) animals. Each point 

represents the mean (±SEM) for the given stimulation intensity.

Kumar et al. Page 20

Neurobiol Aging. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Indomethacin treatment increases the amplitude of LTP in aged animals. A) Examples of 

LTP for the three conditions at the indicated time points during baseline recording (1, black 

trace) and 60 min after induction of LTP (2, gray trace). B) Time course of mean (±SEM) 

EPSP slope normalized to the baseline. TBS (arrow) was delivered after a 10 min stable 

baseline recording (time point 1). C) Mean percent increase in the synaptic response 60 min 

following TBS (dotted box, time point 2). Asterisks indicate difference relative to aged-Veh 

animals.

Kumar et al. Page 21

Neurobiol Aging. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Slope of NMDA receptor-mediated excitatory postsynaptic potentials (EPSPs) recorded 

from hippocampal CA3-CA1 synapses. A) Example of NMDA receptor-mediated EPSP, 

illustrating the presynaptic fiber volley measured from the solid horizontal lines, and initial 

descending slope of the EPSP measured between the dashed lines. B) The amplitude of the 

fiber potential was measured for increasing stimulation intensity generated for young (open 

circles), aged-Veh (filled circles), and aged-Indo treated (gray circles) animals. C) Input-

output curves plotting the mean (±SEM) slope of the NMDA receptor-EPSP relative to 

stimulation intensity. The NMDA response was increased for young vehicle and aged-Indo 

relative to aged-vehicle.
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Figure 8. 
Indomethacin treatment influences redox regulation of NMDA receptor function. A) Input-

output curves plotting the mean (±SEM) amplitude of the fiber potential for aged-Veh (filled 

circles) and aged-Indo (gray circles) treated animals. B) Input-output curves plotting the 

mean (±SEM) slope of the NMDA receptor-EPSP relative to increasing stimulation intensity 

for aged-Veh (filled circles) and aged-Indo treated (gray circles) animals. C) Time course of 

changes cand aged-Indo (open circles) treated animals. D) Example of the NMDA receptor 

component of synaptic transmission recorded from an aged-vehicle animal during baseline 

(1) and 60 min following application of the reducing agent DTT (2). E) Bar diagram 

showing the mean (+SEM) percentage increase in the amplitude of the NMDA-mediated 

synaptic response during the last 5 min of recording (dotted box in C). The asterisk indicates 

a significant (p < 0.05) difference between vehicle and indomethacin treated animals.
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