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Abstract

Hippocampal sharp-wave ripples are brief high-frequency (120 – 250 Hz) oscillatory events that 

support mnemonic processes during sleep and awake behavior. Although ripples occurring during 

sleep are believed to facilitate memory consolidation, waking ripples may also be involved in 

planning and memory retrieval. Recent work from our group determined that normal aging results 

in a significant reduction in the peak oscillatory frequency and rate-of-occurrence of ripples during 

sleep (Wiegand et al., 2016) that may contribute to age-associated memory decline. It is unknown, 

however, how aging alters waking ripples. We investigated whether characteristics of waking 

ripples undergo age-dependent changes. Sharp-wave ripple events were recorded from the CA1 

region of the hippocampus in old (n = 5) and young (n = 6) F344 male rats as they performed a 

place-dependent eyeblink conditioning task. Several novel observations emerged from this 

analysis. First, although aged rats expressed more waking ripples than young rats during track 

running and reward consumption, this effect was eliminated, and, in the case of track-running, 

reversed when time spent in each location was accounted for. Thus, aged rats emit more ripples, 

but young rats express a higher ripple rate. This likely results from reduced locomotor activity in 

aged animals. Furthermore, although ripple rates increased as young rats approached rewards, 

rates did not increase in aged rats, and rates in aged and young animals were not affected by 

eyeblink conditioning. Finally, although the oscillatory frequency of ripples was lower in aged 

animals during rest, frequencies in aged rats increased during behavior to levels indistinguishable 

from young rats. Given the involvement of waking ripples in memory retrieval, a possible 

consequence of slower movement speeds of aged animals is to provide more opportunity to replay 
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task-relevant information and compensate for age-related declines in ripple rate during task 

performance.
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Introduction

Hippocampal sharp-wave ripples (Buzsaki, 1986; Csicsvari et al., 1999) are high-frequency 

(120 – 250 Hz) oscillatory events believed to support mnemonic processes during sleep 

(Wilson and McNaughton, 1994), awake immobility (Kudrimoti et al., 1999), and awake 

behavior (Foster and Wilson, 2006). The activities of populations of hippocampal neurons 

become coordinated during ripples, and this activity can reactivate neural responses 

associated with spatial exploration (O’Neill et al., 2010; Carr et al., 2011; Jadhav et al., 

2012; Roumis and Frank, 2015; Wikenheiser and Redish, 2015). While ripples are 

implicated in memory processes, their specific function depends on the animal’s behavioral 

state. For example, reactivation during waking ripples is implicated in spatial learning and 

memory retrieval (Jadhav et al., 2012; Nokia et al., 2012; Wu et al., 2017), prospective and 

retrospective working memory (Singer et al., 2013), and updating navigational strategies 

(Dupret et al., 2010; Pfeiffer and Foster, 2013). Replay during rest-associated ripples, on the 

other hand, may facilitate the gradual consolidation of memories within broad hippocampal-

subcortical-cortical networks (Wilson and McNaughton, 1994; Pennartz et al., 2004; 

Girardeau et al., 2009, 2014; Ego-Stengel and Wilson, 2010; Nokia et al., 2012).

Normal aging is associated with a decline in the capacity to consolidate memories during 

sleep (e.g., Pace-Schott and Spencer, 2015), and to retrieve and utilize spatial (Lester et al., 

2017) and object-guided (Burke et al., 2010, 2011) memories during waking behavior. The 

neural basis for these effects are not known. Investigations of rest-associated ripples in aged 

animals suggests that features of ripples such as their frequency and capacity to organize 

neural activity contributes to age-associated memory decline. For example, CA1 single-unit 

activity is delayed relative to ripple onset in aged animals (Kanak et al., 2013), and CA1 

principal neurons in aged animals have increased burst firing (Smith et al., 2000), although 

this study did not directly analyze ripple events. Furthermore, Gerrard et al. (2001) 

demonstrated that aged and young rats express intact memory trace reactivation during rest-

associated ripples, but that the temporal organization of reactivated events is reduced in aged 

animals (Gerrard et al., 2008). Similarly, Wiegand et al. (2016) observed reduced 

reactivation in aged rats, and this reduction was largely due to a reduced rate of occurrence 

of ripples in aged animals. Wiegand et al. (2016) also demonstrated that the oscillatory 

frequency of ripples was reduced by approximately 15 Hz in aged animals. It is important to 

note that in this study, age-associated changes in the rate of occurrence, oscillatory 

frequency of ripples, and the strength of reactivation did not correlate with measures of 

learning. This suggests that the relationship between ripples and age-associated memory 

decline requires further investigation.
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The effects of normal aging on features of waking ripples have not been investigated. This is 

an important question to address given their potential role in working memory (Gupta et al., 

2010; Jadhav et al., 2012), decision making (Diba and Buzsaki, 2007; Jadhav et al., 2012; 

Singer et al., 2013), memory consolidation for goal locations (Foster and Wilson, 2006; 

O’Neill et al., 2006; Carr et al., 2011), and reward-driven learning (Foster and Wilson, 2006; 

Ambrose et al., 2016). Here we investigated whether the rate of occurrence and oscillatory 

frequency of waking ripples are affected by aging, and whether ripples were impacted by 

salient aversive events (eye shocks). Analyses were performed on waking ripples acquired 

from the CA1 region of the hippocampus using data described in Schimanski et al. (2013). 

The behavior consisted of a spatial eyeblink conditioning task that required rats to shuttle 

clockwise and counter-clockwise on a semi-circular track for food reward. One location in 

each running direction was associated with a randomly delivered electric shock to the eyelid. 

Given the involvement of ripples in variable reinforcement learning (Ambrose et al., 2016), 

we predicted that ripple rates would increase after animals received an eye shock. We also 

predicted that aging would reduce the rate of ripple events and the oscillatory frequency of 

ripples, as has been previously reported for rest-associated ripples (Wiegand et al., 2016).

Materials and Methods

Subjects and behavioral pre-training

Data were analyzed from 6 young adult (9 – 12 months) and 5 old (25 – 28 months) male 

Fischer-344 rats that were obtained from the National Institute on Aging colony at Charles 

River. Rats were kept on a 12:12 h reversed light cycle and housed individually. All 

experiments were performed as described in Schimanski et al. (2013), following the 

guidelines of the United States National Institutes of Health Guide for the Care and Use of 
Laboratory Animals using protocols approved by the University of Arizona Institutional 

Animal Care and Use Committee. The animals used in the present study are the same as 

those used in Schimanski et al. (2013).

Prior to behavioral or electrophysiological experiments, the Morris swim task was 

administered over four consecutive days to assess motor ability, vision, and spatial learning 

(Morris, 1984), as described in full by Barnes et al. (1996). Rats then underwent food 

restriction to 85% of free-feeding body weight and were pre-trained on a shuttle task on a 

linear maze for food reinforcement until reaching 80 laps within 45 min. Once physiological 

experiments began, animals were exposed to the spatial trace eyeblink task (described 

below). As reported in Schimanski et al. (2013), aged animals exhibited significant deficits 

in the spatial version of the water maze task relative to young animals (Fig. 1B), but 

performed no differently than young rats on the spatial eyeblink task.

Surgical and electrophysiological recording procedures

All rats received eyelid wire implantations for monitoring of spatial eyeblink conditioning 

behavior as well as a chronic microdrive or “hyperdrive” holding 12 independently-

adjustable tetrode recording probes (McNaughton et al., 1983; Wilson and McNaughton, 

1993). Prior to surgery, rats began antibiotic treatments (either 10-day ampicillin cycle or 5-

day sulfamethoxazole and trimethoprim oral suspension cycle). On the day of surgery, rats 
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were anesthetized using 1.0 – 2.0% isoflurane in oxygen (flow rate 1.5 L/min) and placed 

into a stereotaxic apparatus. The hyperdrive was centered over a right hemispheric 

craniotomy made at 2.0 mm lateral and 3.8 mm posterior to Bregma. Tetrodes were 

constructed of four twisted polyimide-coated nichrome wires (13 μm diameter) and were 

driven to an initial depth of 1 mm at surgery. Over the next 14 days, tetrodes were lowered to 

optimally record extracellular spikes from CA1 pyramidal cells (~2 mm from brain surface). 

Two additional tetrodes whose four wires had been shorted together acted as references and 

were placed in or near the corpus callosum and hippocampal fissure. A ground screw and all 

wires were secured to the skull using dental acrylic.

Neural signals were amplified through a unity-gain headstage and programmable amplifiers 

(Neuralynx Inc.). Electrophysiological signals were recorded by the Cheetah Data 

Acquisition System (Neuralynx Inc.). A 1 ms window was recorded surrounding each 

candidate action potential. Single-unit activity was digitized at 32 kHz, amplified 500 – 5000 

times, and bandpass filtered between 0.6 and 6 kHz. Local-field activity was recorded from a 

subset of tetrodes, bandpass filtered from 0.5 to 600 Hz, and sampled at 1893 Hz. Video 

tracking data were obtained with an overhead CCD camera. Movement during rest was 

calculated by finding the first derivative of the tracking data acquired from the CCD camera 

and subsequently squaring and smoothing the result.

Pre-training and tetrode adjustment continued for ~14 days after surgery until behavior 

improved and clear CA1 action potentials were observed on the majority of tetrodes. At least 

30 recording sessions were acquired from 10 rats (6 young and 4 old). Data was also 

acquired from a fifth aged rat. This rat, however, became ill after 15 days of recording and so 

only these sessions were acquired and analyzed from this animal.

Behavioral procedures

On day 1 of the spatial-eyeblink conditioning experiment, rats were taken to a dedicated 

room for calibration of the level of electrical current necessary to induce an eyeblink. The 

eyelid stimulus was a 100 ms, 100 Hz train of bipolar square pulses 5 ms long, delivered 

through the wires implanted in the right eyelid using a Master-8 from A.M.P.I. and stimulus 

isolator A365 from World Precision Instruments. Every day before the experiment, current 

was modulated in order to induce a complete eye blink (typical range, 0.1 – 0.6 mA). After 

calibration of the eyeblink current, rats were brought to a dimly lit recording room 

containing a circular track (85 cm diameter), a towel-lined clay flowerpot, and numerous 

visual cues (see Schimanski et al., 2013). Rats were placed in the pot to rest quietly alone for 

a minimum of 30 min before and after the behavioral task. Task: Rats ran 10 laps for food 

reward without eye shocks, and on lap 11, rats received a blink-inducing electrical 

stimulation at two locations (at 140 and 250 degrees, see Fig. 1A) ‒ one in the clockwise 

and one in the counter-clockwise direction. Stimulation was delivered with a probability of 

50%. Rats ran on the track for a maximum of 74 laps or until ceasing locomotion. The 

number of laps was controlled between young and aged rat pairs by allowing the young rats 

to run the same number of laps as their yoked aged pair. The two within-day recording 

sessions were separated by an average of 157.5 +/− 4.0 min. This protocol was repeated for 

31 days/rat (with the exception of 1 old rat)
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Statistical analyses

Student’s t-tests and ANOVA were used except when specified otherwise. Tukey-Kramer 

(ANOVA) and Bonferroni-Holm corrections were performed to adjust for familywise error. 

Alpha was set at 0.05 (two-tailed). Statistical analyses were performed using Matlab (The 

MathWorks, Inc., Natick, Massachusetts) and R (R Core Team, 2013).

Identification of putative ripple events

In order to reduce the impact of high-frequency artifacts on the local-field potential signal 

from action potentials (Ray and Maunsell, 2011), local-field activity was first “de-spiked” by 

removing a 4 ms window of data around spikes measured on the same tetrode and replacing 

the absent data with a spline (Zanos et al., 2011). Signals were then bandpass filtered (115 to 

250 Hz, 8th order IIR Butterworth filter). We chose 115 Hz as a lower band given our 

previous finding that ripple oscillation frequencies are ~15 Hz lower in aged relative to 

young rats with a lower bound approaching 120 Hz (Wiegand et al., 2016). A candidate 

high-frequency event was identified when the envelope of the absolute value of the filtered 

signal exceeded 3 sds above the mean, lasted for at least 30 ms, and had a peak frequency in 

the PSD from 115 to 240 Hz of ≥ 120 Hz. Candidate ripples with a peak frequency < 120 Hz 

were eliminated in order to reduce contamination from high-gamma events. The 3 sd 

threshold was lower than the 5 sd threshold used in our previous investigation (Wiegand et 

al., 2016) as waking ripples have been reported to be 30 – 60% lower in amplitude relative to 

rest-associated ripples (O’Neill et al., 2006). The time of ripple onset was determined by 

moving backward in time from the point of threshold detection until power fell to 2.5 sds 

above the mean. The same procedure was applied forward in time to determine event offset. 

Peak oscillation frequency was determined by constructing a spectrogram using a complex 

Morelet wavelet convolution (cwtft() in Matlab) for the ripple and then identifying the 

frequency with the highest power.

Low-gamma power during ripple events was also determined by first filtering the local-field 

signal for each ripple event (±100 ms was added on start and end of each ripple to reduce 

edge effects) with an 8th order Butterworth band-pass filter (20–50 Hz). The envelope of this 

signal was computed and averaged to determine power in μV.

Results

Aged rats exhibited reduced watermaze performance and running speed.

Watermaze performance was assessed prior to surgery. Young but not aged animals 

improved performance on the spatial water maze, as expressed as reduced path length, from 

the first to the second testing session (Fig. 1B, paired t-test, p young = 0.004, p old > 0.05). 

Performance between young and aged animals differed significantly on the second testing 

session (t-test, p = 0.01, d = 1.95). These data were also presented in Schimanski et al. 

(2013).

Motor performance on the circular track was assessed by measuring running speed during 

task performance. Data for all experimental sessions are summarized in the color plots in 

Fig. 1C for rats running in clockwise and counter clockwise directions and when animals 
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approached the reward zones (tan shaded region, bottom plot). Mean running speed, as 

calculated when animals were outside of the reward zones, was reduced in aged rats when 

compared to young rats (two-sample t-test, p = 0.0003, d = 3.5, mean young (n = 6) = 40.9 

cm/sec, mean aged (n = 5) = 24.76 cm/sec).

Aged rats produced more ripples in the reward zones, but at the same rate as young rats.

Consistent with previous work, the majority of ripples occurred when rats were near reward 

locations. This is illustrated in Fig. 2A which indicates the mean number of ripples observed 

on each trial, organized by the location of the rat on the track. The shaded region indicates 

the reward zone. Analysis of behavior indicated that aged rats spent significantly more time 

in the reward zones relative to young rats (Fig. 2B, t-test, t = −3.0, p = 0.02, d =−1.7). 

Analysis of ripples in the reward zone indicated that aged rats also produced more ripples-

per-trial relative to young animals (Fig. 2C, t = −2.7, p = 0.03, d =−1.5). Because aged rats 

spent more time in reward zones, it was conceivable that the rate of ripple occurrence was 

similar in aged and young rats despite these differences in the number of observed ripples. 

This hypothesis was tested by normalizing ripple counts by the time spent in the reward 

zones (ripple rate in Hz). Consistent with this prediction, no difference in ripple rate was 

observed between aged and young rats (Fig. 2D, t = 0.61, p = 0.36). Thus, relative to young 

rats, aged animals spent more time in reward zones, produced more ripples, but produced 

these ripples at the same rate.

Effect of the eye shocks on waking ripples in the reward zone.

Given the salience of eye shocks and involvement of ripples in memory processing, we 

hypothesized that the number and rate of ripple events would increase on trials following eye 

shocks. To test this, we divided trials into shocked and un-shocked trials (eye shocks were 

delivered on pseudo randomly selected trials, see Methods), and assessed behavior and 

ripple activity. A within-session difference measure was computed for each session, and 

these within-session values were averaged for each animal. To illustrate, the difference 

measure for the effect of eye-shock events on time spent in the reward zone was measured as 

the time in reward zone on eye shock trials minus the time spent on un-shocked trials. These 

within-session measures were averaged for each rat. This analysis revealed that aged rats 

spend more time in the reward zone following a shock when compared to young rats (Fig. 

2E, t-test, t = −2.4, p = 0.04, d = −1.4). No effect of shock was observed in the number of 

ripples per trial (t = −1.8, p = 0.1), or in the rate of ripple events (t = −0.7, p = 0.5). Taken 

together, these results indicate that eye shocks affected the time spent in the reward zone for 

the aged but not for young animals; however, shocks did not alter the quantity or the rate of 

ripple events in either aged or young rats.

Age-related differences in ripple occurrence during task behavior.

Although the quantity of ripple events was high at reward locations, ripples also occur 

during active task performance, and these ripples may be involved in retrospective and 

prospective memory processing. The following analyses investigated whether aging or eye 

shock events impact ripple occurrence during active task performance. Active behavior was 

defined as the region of the track that was 30 degrees (22 cm) beyond the reward zones. 

Specifically, all regions beyond the tan shaded regions in Fig. 2A were considered for the 
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following analysis of task behavior. Examples of three ripples identified during task 

performance are presented in Fig. 3A. As indicated in Fig. 3B, running speed dipped at the 

start of each trail and increased as rats approached the reward zone. Inspection of head 

position from the tracking record revealed that this dip in movement speed at the start of the 

trial corresponded to the moment when rats turned around 180° from the reward site and 

faced the destination reward zone. Analysis of running speed during this ‘dip’ in movement 

speed, indicated as the gray shaded regions in Fig. 3, indicated that aged rats moved more 

slowly than young rats at the start of each trial (Fig. 3C, t = 5.7, p = 0.005, d = 2.2, n = 5 

aged, n = 6 young). Furthermore, analysis of the number of ripples per trial indicated that 

more ripples occurred in aged rats at the start of each trial (Fig. 3E, t = - 2.4, p = 0.039, d = 

−1.4). This effect was likely due to aged rats running more slowly at the start of each trail as 

no age-related difference was observed when the number of ripples per unit time (ripple 

rate) at the start zone was calculated (Fig. 3G, t = 1.0, p = 0.50). Although the present 

analysis focused on the start of each trial, data in Fig. 3F suggests that ripple rates may differ 

between groups when rats moved beyond the start zone. These questions are addressed in 

subsequent analyses.

Ripple rates are lower in reward zones relative to track running.

Although more ripples occurred when rats were within the reward zone (e.g., Fig. 2A), 

young and especially aged rats spent considerable time in this region (Fig. 2B). 

Consequently, it was conceivable that the rate of ripple occurrence differed between reward 

consumption and track running. Track running was defined as periods when rats were 

outside of the reward zone (unshaded region in Fig. 2A). Paired t-tests indicated that both 

aged and young rats expressed higher ripple rates during track running (Fig. 4A, p young = 

0.03, p aged = 0.03, Bonferroni-Holm correction). This indicates that although more ripples 

occurred in the reward zones, the rate of ripple occurrence was greater during active task 

performance in aged and young rats.

Ripple rates increase as young rats run towards reward zones.

Ripples are associated with reward-driven learning and ripples can cluster around reward 

zones. To determine if ripple rates increased as rats ran towards reward zones, a regression 

line was fit to the relationship between the location (degrees) and ripple rate measured on 

each session and the slope of this line was determined. The regression fit was performed 

such that a positive slope indicated that ripple rate increased as animals ran towards the 

reward zone regardless of whether rats ran in the clockwise or counter-clockwise direction. 

Slopes were first computed for each session and the distribution of these slopes for aged and 

young rats is presented in Fig. 4B (n = 146 sessions young, n = 119 sessions aged). These 

values were then averaged for each animal for statistical analysis. Slopes for young and aged 

rats did not differ (two-sample t-test, t = 1.6, p = 0.14, n = 6 young, n = 5 aged). However, 

the mean slope for young (one-sample t-test, p = 0.048), but not aged (p = 0.089) rats was 

greater than zero (p values Bonferroni corrected for 2 tests).

The rate of occurrence of ripples is higher in young rats during track running.

Data summarized in Fig. 3F suggests that the rate of ripple events was higher in young rats 

during track-running. It was also hypothesized that the location of the shock zone may also 
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influence the rate of ripple events. Specifically, we predicted that ripple rates would increase 

as rats approached or left the shock zone. To explore these hypotheses, track running was 

divided into four zones on the track: the start zone, the zone preceding the shock, the zone 

following the shock, and the zone preceding the reward (Fig. 4D). Mean ripple rates for each 

animal are presented in Fig. 4E. Two-way ANOVA (age x location) revealed a main effect of 

age (F = 11.3, p = 0.002) but not location (F = 0.3, p = 0.83) and no interaction (F = 0.52, p 

= 0.67). This indicated that ripple rate was greater in young rats during track running, and 

that the location of the shock did not impact ripple rate.

Age-associated differences in ripple oscillatory frequency during sleep are not present in 
waking ripples.

Our previous investigation of sleep-associated ripples indicated that the peak oscillatory 

frequency of ripples in aged rats is significantly lower than in young rats (Wiegand et al., 

2016). We investigated whether such age-associated changes in frequency are also found in 

waking ripples. Prior to performing this analysis, oscillatory power during waking and rest 

states and during ripples were analyzed. Fig. 5 presents power spectral density estimates that 

summarize oscillatory responses during maze running (Fig. 5A), during peri-ripple periods 

(Fig. 5B), and during ripples (Fig. 5C). As expected, track running was associated with 

strong theta-band oscillations and theta-band harmonics (Fig. 5A). Oscillatory activity 

surrounding, but not including, ripple events was also analyzed by performing the power 

spectral estimate on the signal acquired during the 500 ms interval preceding ripple onset 

and 500 ms interval following ripple offset (Fig. 5B). No theta was visible in the spectral 

response during Rest, although some theta power was evident during Reward and Track 

epochs. Finally, oscillatory activity during ripple events was analyzed (Fig. 5C). The power 

spectral densities indicated a clear peak in the ripple band (130–150 Hz) for all epochs. The 

absence of clear high-gamma (80–120 Hz) peak in the power spectral densities indicated 

that detected ripples were not significantly contaminated by behavior-associated gamma 

oscillations.

The next objective was to determine if the peak oscillatory frequency of ripples in aged rats 

was significantly lower than in young rats. Peak oscillatory frequency was quantified as the 

frequency of peak power in the wavelet spectrogram (see Methods). Fig. 6 plots the mean of 

this measure of oscillatory frequency for each rat during rest and during performance of the 

eyeblink conditioning task. Two-way ANOVA (age x behavioral state) revealed a significant 

effect of age (F = 8.08, p = 0.008) but not behavioral state (F = 2.25, p = 0.12). Post hoc 

comparisons revealed an effect of age during rest (t-test, t = 3.7, p = 0.02, Bonferroni 

correction for 3 comparisons), but not during reward consumption (p = 0.65) or track 

running (p = 0.65). To determine if the lower oscillatory frequencies observed during rest in 

aged rats increased during behavior, paired t-tests were performed that compared Rest to 

Reward and Rest to Track. Frequencies increased from Rest to Reward in aged rats (t = 

−3.87, p = 0.04, Bonferroni corrected for 2 comparisons), but not from Rest to Track (t = 

−2.15, p = 0.20).

We also investigated whether the power of low-gamma oscillations during ripple events was 

reduced in aged animals. This hypothesis was motivated by observations that increased low-
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gamma power during waking ripples is associated with enhanced memory trace reactivation 

(Carr et al, 2012). Using this approach and averaging by animal, we did not observe an 

effect of age (two-way ANOVA, Fage = 0.58, p = 0.45, Fphase = 0.61, p = 0.55, Fint =0.27, p 

= 0.76).

Ripple duration and ripple doublets.

The strength of memory-trace reactivation is positively associated with the duration of ripple 

events and the presence of ripple bursting (e.g., “ripple doublets”)(Davidson et al, 2009; 

Sirota et al, 2003). Consequently, we investigated whether ripple duration or the occurrence 

of ripple bursts are altered in aged rats. Analysis of ripple duration during rest, track-

running, and during reward consumption revealed no effect of age or behavioral phase on 

ripple duration (Fage = 1.41, p = 0.25; Fphase = 3.34, p = 0.051). We quantified the extent of 

bursting of ripple events using the established Local Variance measure (Shinomoto et al, 
2009) which evaluates the extent to which sequences of inter-event intervals exceed values 

expected by a Poisson random process (values > 1 suggest bursting and < 1 suggests a more 

regular pattern). Local Variance was measured for aged and young rats and for the sleep, 

reward consumption, and track running phases of the task. A two-way ANOVA revealed no 

effect of age (F = 0.58, p = 0.45) nor interaction between age and behavioral phase (F = 

0.69, p = 0.51). Thus, we did not find support for the hypothesis that age affects the 

clustering of ripples in time. A significant effect of behavioral phase was observed (F = 5.64, 

p = 0.009).

Discussion

Waking ripples are implicated in spatial learning, memory consolidation, and memory 

retrieval (Dupret et al., 2010; Jadhav et al., 2012; Nokia et al., 2012; Pfeiffer and Foster, 

2013; Wu et al., 2017). The present study is the first to investigate how features of waking 

ripples are impacted by normal aging. We observed that aged rats expressed more waking 

ripples during reward consumption and task performance, and that this increase was likely a 

result of aged animals moving more slowly and spending more time at reward zones. Indeed, 

when normalized for time, ripple rates (ripples per unit time) during active task performance 

were actually higher in young rats (Fig. 4E). Furthermore, although previous work has 

shown that aged and young rats learned the eyeblink conditioning task at similar rates 

(Schimanski et al., 2013), we found that aged rats spent more time in the reward zones after 

receiving an eye shock. Although this suggests that aged animals are more impacted by 

aversive eye shocks than young rats, ripple rates were not affected by eye shocks in either 

aged or young animals (Figs. 2, 4). What follows is a detailed discussion of these 

observations.

Behavior.

Behavioral testing using a spatial water maze revealed that the aged animals used in this 

study exhibited impaired spatial learning or memory recall. In contrast, and as shown in 

Schimanski et al. (2013), aged and young rats learned the eyeblink task at similar rates. In 

the present study, we observed that aged rats ran at ~40% of the speed of young rats, and 

that aged rats spent considerably more time in the reward zones. More surprising was the 
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finding that aged rats spent more time in reward zones following eye shocks (Fig. 2E). This 

suggests that aged rats are more impacted by the aversive eye shocks than young animals. 

Indeed, there is evidence from rodent work that repeated exposure to stressful events 

enhances the emotional stress responses in aged but not in young rats (Sapolsky et al., 1983, 

1986; Shoji and Mizoguchi, 2010). Conceivably, the additional time spent in the reward zone 

following a shock could be adaptive as it would provide more opportunities for ripple events 

and thus support memory consolidation. However, no significant increase in ripple counts 

following eye shocks was observed (Fig. 2F). Future experiments could be designed to 

examine this question by manipulating ripple counts by systematically modulating running 

speeds in young animals (e.g., treadmill).

Behavior-dependent effects on waking ripple quantity and rate.

Aged rats expressed more waking ripples than young rats during reward consumption and 

task performance. This may not be surprising given the reduced movement speed and 

activity of aged rats, and the known inverse relationship between ripple count and running 

speed (Jadhav et al., 2015). Indeed, when normalized for time spent at each location, the rate 

of ripple events was larger in young rats during task performance (Fig. 4E), but not during 

reward consumption. Thus, aged rats generated more waking ripples near reward locations, 

but young rats expressed higher ripple rates during task performance. The age-related 

decline in ripple rate during waking behavior is consistent with previous reports of reduced 

rest-associated ripple rates in aged animals (Wiegand et al., 2016).

The fact that ripple counts are higher in aged rats while ripple rates are higher in young 

animals begs the question of whether the quantity or the rate of ripple events are more 

important for mnemonic processing. This is an important unresolved question. If ripple 

quantity is critical, then it is conceivable that slower movement of the aged rats and the 

corresponding increase in ripple counts could help aged animals compensate for age-related 

memory decline and reduced ripple rates. Indeed, this may account for the absence of an 

age-associated reduction in spatial eyeblink learning observed in the eyeblink task used in 

the present study (Schimanski et al., 2013). Future studies that explore the relationship 

between the quantity and the rate of ripple occurrence on task performance will help resolve 

this issue. Furthermore, examination of the content of waking ripples through reconstruction 

(e.g., Foster and Wilson, 2006) could determine the extent to which ripples reactivate salient 

aversive and rewarding events, and how reactivation is affected by ripple rate and aging. 

Indeed, the aversive conditioning paradigm used in the present study could strongly impact 

reactivation as a recent study reported that reactivation during waking ripples replays 

trajectories through locations in which rats received foot shocks (Wu et al., 2017).

Potential mechanisms for reduced ripple rates in aged animals.

Ripple generation is thought to result from the depolarization of relatively few CA1 

pyramidal neurons following CA3 discharge (Stark et al., 2014). Thus, waking- and rest- 

associated reductions in ripple rate may reflect an age-related reduction in functional 

synaptic innervation of CA1 from CA3 (Barnes et al., 1992). Reduced innervation could 

impair the capacity of CA3 to trigger CA1 ripple events (Wiegand et al., 2016).
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Oscillatory frequency of ripples increases from rest to behavior in aged rats.

Previous work from our laboratory reported that the oscillatory frequency of rest-associated 

ripples in aged rats is ~14 Hz lower than in young animals (aged = 132 Hz, young = 146 Hz; 

Wiegand et al., 2016). In the present study we compared oscillatory frequencies of ripples 

during rest and behavior. Although the rest-associated differences in oscillatory frequency 

were observed, these differences disappeared during behavior (Fig. 6). In fact, we observed 

that ripple frequencies in aged rats increased during behavior to levels that were 

indistinguishable from young rats. This suggests that physiological features of behavior, 

such as the altered neuromodulatory context or neuronal excitability, may restore age-

associated reductions in ripple oscillation frequency. Such adaptations may be important for 

learning in aged animals given that ripple oscillations may coordinate the timing of action 

potentials so that that they occur within the narrow temporal window required for synaptic 

plasticity (< 20 ms; Bi ansd Poo, 1998; Jensen and Lisman, 2005).

Conclusions and Future directions

To conclude, aged and young animals expressed significant differences in the number and 

the rate of waking ripples. Surprisingly, ripple rates did not change with the delivery of eye 

shocks, suggesting a limited involvement of waking ripples in aversive associative learning. 

We also observed that although the oscillatory frequency of ripples is lower in aged rats 

during rest, ripple frequencies during behavior were indistinguishable between age groups. 

This suggests that age-associated physiological changes that slow ripple oscillations during 

rest may be circumvented by physiological changes evoked by behavior. A limitation of the 

present study was the fact that no age difference was observed on the eyeblink task 

(Schimanski et al., 2013), despite significant differences being observed in the Morris water 

maze. Consequently, future studies of waking ripples that use tasks that place more cognitive 

demands on aged rats, such as set-shifting and multi-item spatial working memory tasks 

(e.g., Bizon et al., 2012) may reveal significant age-associated differences in ripple 

properties.
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Figure 1. 
Task design and behavior. A) Schematic of track and procedures for the spatial eyeblink 

task. Rats alternated between running clockwise and counterclockwise on a circular track 

(85 cm diameter, 267 cm circumference) for food reward on either side of a barrier. After 

five laps in either direction, electrical stimulation to the eyelid was delivered on a 50% 

pseudorandom schedule at the positions indicated by the ‘eye’. Rats typically ran 37 laps in 

each direction during a given recording session. EMG signals from the right eyelid were 

analyzed to determine if blinking occurred. A 30-minute rest period preceded and followed 

each track-running session, and two track-running sessions occurred on each day. B) Spatial 

watermaze performance measured prior to implantation. The corrected integrated path 

length (CIPL) scores indicated that age rats were impaired at finding the escape platform 

relative to young rats on the final day (day 4) of testing (t-test (age), * p = 0.01, d = 1.95, 

paired t-test (day) ** p = 0.004, Bonferroni-Holm correction for 2 tests). Thick vertical bars 

indicate the interquartile range, thin lines indicate the median, and circles indicate the CIPL 

score for each animal. C) Running speed for clockwise (left) and counterclockwise (right) 

traversals for each recording session. Color indicates mean speed (cm/sec). Aged animals 

were considerably slower than young rats. Shaded boxes indicate the reward/food zones. 

Green vertical lines indicate the shock zones. Thick lines indicate mean running speed 

across sessions (n = 146 sessions young, n = 119 sessions aged).
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Figure 2. 
Analysis of ripples at reward zones. A) Average number of ripples per trial at each location 

on the track (clockwise and counterclockwise trials were combined). The number of ripples/

trial was largest when animals were in the reward zones (shaded region). Clockwise and 

counterclockwise trials were combined in this analysis, making this plot symmetrical. Values 

were not normalized by time spent at the reward zone (see Figure 6B). B) Aged rats spent 

significantly more time in the reward zones (t-test, t = −3.0, p = 0.02, d = −1.7, n = 6 young, 

n = 5 aged rats). C) There were significantly more ripples per trial for the aged rats (t = −2.7, 

p = 0.03, d = −1.5). D) The rate of ripple events in the reward zone was not different 

between aged and young rats (p = 0.36). E) Comparison of total time spent in the feeder 

zone after rats did or did not receive an eye shock. Aged rats spent more time in the feeder 

zone relative to young rats (t = −2.4, p = 0.04, d = −1.4). F) The number of ripples per trial 
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did not differ between trials with and without eye shocks (p = 0.1). G) The rate of ripple 

events did not differ between trials with and without eye shocks (p = 0.5).
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Figure 3. 
Waking ripples during the spatial eyeblink behavior. A) Examples of waking ripples from an 

aged rat observed during conditioning. Arrows point to the location on the track where the 

ripple occurred. The waveform and wavelet spectrogram are presented for each ripple. B) 

Running speed for aged and young rats outside of the reward zone. Running speed in both 

aged and young rats ‘dipped’ at the start of each trial and increased until animals approached 

the reward zone (n = 146 sessions young, n = 119 sessions aged). The x axis indicates the 

linearized position of the animal in degrees. Vertical dashed lines indicate the location where 

animals received an eyelid shock on 50% of trials. Shocked trails were eliminated from the 

averages so that ripple counts could be assessed without contamination from electrical 
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artifact. C) Running speed at the start of each trial, with the start indicated by the gray 

horizontal bars in B, was slower for aged rats (t-test, t = 5.7, p = 0.005, d = 2.2, n = 5 aged, n 

= 6 young rats, error bars = SEM). D) Average number of ripples per trial during track 

running. E) To assess whether the incidence of ripple events differed between aged and 

young animals, the average number of ripples per trial was computed at the start of the 

clockwise and counterclockwise journeys. The average number of ripples per trial was larger 

in aged animals (t-test, t = −2.4, p = 0.039, d = −1.4, n = 5 aged, n = 6 young). F) To 

determine if the increased number of ripples in aged rats was due to their slower running 

speed, the ripples per trial were normalized by the total time spent at each spatial location, 

resulting in a measure of ripples per second. G) The mean ripple rate was not different 

between aged and young animals at the start of each trial (t = 1.1, p = 0.50), suggesting that 

the increase in the incidence of ripples at the start of each journey observed in D was due to 

animals moving more slowly.
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Figure 4. 
Changes in ripple rate during track running and reward consumption. A) Although more 

ripples occurred when rats were in the Reward Zone, ripple rates were lower in the reward 

zone relative to track running. Paired t-tests indicated that both aged and young rats 

expressed higher ripple rates during track running (p young = 0.03, p aged= 0.03, 

Bonferroni-Holm correction). B) The slope of the regression line that fit the relationship 

between location (degrees) and ripple rate (Fig. 3F) was used to determine whether ripple 

rates increased as animals approached the reward zone. A positive slope indicates that ripple 

rate increased as animals approached the reward zone. The histograms present slopes for all 

analyzed sessions (n = 146 young, n = 119 aged). C) Slopes for young and aged rats did not 

differ (two-sample t-test, t = 1.6, p = 0.14, n = 6 young, n = 5 aged). Slopes for young (one-

sample t-test, p = 0.048), but not aged (p = 0.089) rats were greater than zero (p values 

Bonferroni corrected for 2 tests). D) Schematic of zones on the track used to identify 

changes in ripple rate as a function of location. Each zone was 30° in extent. Clockwise and 

counter clockwise journeys were combined. E) Average ripple rate at each location on the 

track. Two-way ANOVA (age x location) revealed a main effect of age (F = 11.3, p = 0.002) 

but not location (F = 0.3, p = 0.83) and no interaction (F = 0.52, p = 0.67).
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Figure 5. 
Oscillatory responses in aged and young rats. A) Power spectral density (PSD) of 

hippocampal oscillatory power during periods of track running (mean across all sessions and 

animals). Note strong theta power and theta harmonics during track running. The mean 

(thick lines) and SEM (thin lines) were averaged across experimental sessions (n young = 

186, n aged = 139). B) Power spectral density plots for the peri-ripple periods (the 500 ms 

interval preceding ripple onset and 500 ms interval following ripple offset) for rest, reward 

consumption, and track running. Theta was detected during track running and reward 

consumption, although theta power was considerably lower during peri-ripple periods than 

the during track running (see A). C) Mean PSDs during ripple events. The interval 150 ms 

before ripple onset and after ripple offset were included in the PSD estimate to limit filter 

distortion due to edge effects. The mean peak frequency was above the maximum high-

gamma frequency that is typically reported (high-gamma typically reported to be between 80 

and 120 Hz).
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Figure 6. 
Oscillatory frequency of ripples during rest and behavior. Mean (±SEM) oscillatory 

frequency of ripples for aged (n = 5) and young (n = 6) rats during sleep, reward 

consumption, and track running. Two-way ANOVA (age x behavioral state) revealed a 

significant effect of age (F = 8.08, p = 0.008) but not behavioral state F = 2.25, p = 0.12). 

Post hoc comparisons revealed an effect of age during sleep (t test, t = 3.7, p = 0.02, 

Bonferroni correction), but not at the reward zone (p = 0.65) or track-running (p = 0.65). To 

determine if the lower oscillatory frequencies observed during rest in aged rats increased 

during behavior, paired t-tests were performed that compared Rest to Reward and Rest to 

Track. Frequencies increased from Rest to Reward in aged rats (t = −3.87, p = 0.04, 

Bonferroni correction for 2 comparisons), but not from Rest to Track (t = −2.15, p = 0.20).
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