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 36 

Significance Statement  37 

Hippocampal oscillations and place cell activity are sensitive to sensorimotor input generated 38 

from active locomotion, yet studies of aged hippocampal function often do not account for this. 39 

By considering locomotion and spatial location, we identify novel age-associated differences in 40 

the scaling of oscillatory activity with speed, spike-field coherence, spatial information content, 41 

and within-field firing rates of CA1 place cells. These results indicate age impacts the 42 

relationship between locomotion and hippocampal oscillatory activity, perhaps indicative of 43 

alterations to afferent input. These data also support the hypothesis that aged hippocampal place 44 

cells, compared to young, may more often represent more general spatial information. If true, 45 

these results may help explain why older humans tend to recall less specific and more gist-like 46 

information.  47 

Abstract  48 

Hippocampal gamma and theta oscillations are associated with mnemonic and navigational 49 

processes and adapt to changes in an animal’s behavioral state to optimize spatial information 50 

processing. It has been shown that locomotor activity modulates gamma and theta frequencies in 51 

rats, although how age alters this modulation has not been well-studied. Here we examine 52 

gamma and theta local-field potential and place cell activity in the hippocampus CA1 region of 53 

young and old male rats as they performed a spatial eye-blink conditioning task across 31 days. 54 

While mean gamma frequency was similar in both groups, gamma frequency increased with 55 

running speed at a slower rate in old animals. By contrast, theta frequencies scaled with speed 56 

similarly in both groups, but were lower across speeds in old animals. While these frequencies 57 

scaled equally well with deceleration and speed, acceleration was less correlated with gamma 58 
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frequency in both age groups. Additionally, spike phase-locking to gamma, but not theta, was 59 

greater in older animals. Finally, aged rats had reduced within-field firing rates but greater spatial 60 

information per spike within the field. These data support a strong relationship between 61 

locomotor behavior and local-field potential activity and suggest that age significantly impacts 62 

this relationship. Furthermore, observed changes in CA1 place cell firing rates and information 63 

content lend support to the hypothesis that age may result in more general and context-invariant 64 

hippocampal representations over more detailed information. These results may explain the 65 

observation that older adults tend to recall the gist of an experience rather than the details. 66 

 67 

 68 

  69 
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Introduction  70 

Hippocampus-dependent functions such as spatial navigation and other forms of episodic 71 

memory necessitate the rapid integration of sensory cues with vestibular information. It is 72 

believed that this integration occurs in large part within the hippocampus and through its 73 

interactions with the surrounding cortex. Changes to hippocampus-dependent memory function 74 

are common features of normative brain aging (e.g., Glisky, 2007; Lester et al., 2017; Berron et 75 

al., 2018). For example, studies of episodic memory in aged individuals have found that older 76 

adults tend to recall more gist-like information at the expense of details (e.g., Koutstaal and 77 

Schacter, 1997; Paige et al., 2016; Wank et al., 2021). Importantly, aging in the absence of 78 

neurodegenerative disease is not associated with hippocampal neuron loss (West et al., 1994; 79 

Rapp and Gallagher, 1996; Rasmussen et al., 1996; Keuker et al., 2003), suggesting that altered 80 

hippocampal function with age instead results from physiological changes that impact network 81 

function.  82 

Within the rodent hippocampus both theta (5-10 Hz) and gamma (30-120 Hz) oscillations 83 

are known to organize the activity of place cells (e.g., O’Keefe and Recce, 1993; Bieri et al., 84 

2014; Fernández-Ruiz et al., 2017), cells that fire with high spatial precision at particular 85 

locations within an environment (O’Keefe and Dostrovsky, 1971). Despite a wealth of data 86 

supporting the importance of theta and gamma oscillations to hippocampal physiological 87 

processes, few studies have investigated the degree to which these oscillations are altered with 88 

normal brain aging. Experiments examining theta in young and old animals have shown mixed 89 

results, with some reporting no differences between age groups (e.g., Abe and Toyosawa, 1999) 90 

and others reporting reduced theta frequency in old rats (Shen et al., 1997; Insel et al., 2012; 91 

Jacobson et al., 2013). Arguably, even less is known about age-related changes to hippocampal 92 
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gamma oscillations. While a previous study found no differences in the frequency of 93 

hippocampal gamma oscillations between young and old animals (Insel et al., 2012), it did not 94 

take into account the degree to which hippocampal (Maurer et al., 2005, 2012) and entorhinal  95 

dynamics (Kropff et al., 2015; Hinman et al., 2016) are modulated by running speed and 96 

acceleration (Kropff et al., 2021). Like theta, hippocampal gamma increases with running speed, 97 

suggesting that these oscillations are modulated by incoming sensory input (Ahmed and Mehta, 98 

2012). Whether the frequency of gamma is modulated by running speed to the same degree in 99 

old and young rats remains an open question.  100 

A number of studies have examined changes in behavior-induced CA1 single-unit 101 

activity in aged and young rats and have found no overall firing rate differences between age 102 

groups (Barnes and McNaughton, 1983; Oler and Markus, 2000; Wilson et al., 2005; Schimanski 103 

et al., 2013). One study that did identify age differences in CA1 firing rates examined firing rate 104 

with respect to velocity and found that rates increased with running speed in both young and 105 

aged rats, although the relative increase was significantly less in the old animals (Shen et al. 106 

1997). The spatial information content of cell spiking can be calculated to quantify the extent to 107 

which a neuron’s firing corresponds to the animal’s spatial location (Skaggs et al., 1993). The 108 

few studies to examine spatial information in CA1 found no difference between middle-aged and 109 

old rats (Markus et al., 1994; Wilson et al., 2005; Robitsek et al., 2015), though these studies did 110 

not assess spatial information with respect to speed. 111 

Here we investigate the relationship between locomotor activity parameters, such as 112 

speed and acceleration, and oscillatory properties of gamma and theta while young and old rats 113 

performed a spatial eye-blink conditioning task across 31 days. In addition, we investigate the 114 

impact of age on single-unit firing rates, spatial information, and phase-locking to gamma and 115 
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theta in these same animals. We hypothesize that in aged animals, CA1 gamma frequencies will 116 

be less tuned to locomotor activity, which may result in reduced place cell spatial information 117 

content. 118 

Materials and Methods 119 

Subjects and behavioral pre-training 120 

Data were acquired from 12 male Fisher-344 rats (n = 6 young, 9-12 months; n = 6 old, 121 

25-28 months). Animals were purchased from the National Institute on Aging colony at Charles 122 

River and are the same as those used in Schimanski et al. (2013). Experiments were performed as 123 

described in Schimanski et al. (2013) following the guidelines of the United States National 124 

Institutes of Health Guide for the Care and Use of Laboratory Animals using protocols approved 125 

by the University of Arizona Institutional Animal Care and Use Committee. Rats were 126 

individually housed and kept on a 12:12 h reversed light cycle. Following acclimation, before 127 

behavioral training, animals were tested on the Morris watermaze (Morris, 1984) across four 128 

consecutive days with 6 trials per day to assess animals’ motor ability, vision and spatial learning 129 

(Schimanski et al., 2013). This procedure is described fully by Barnes et al. (1996). Before eye-130 

blink conditioning, animals were pre-trained on a linear track for Ensure(TM) reward until 131 

reaching the criterion of 80 laps within 45 minutes. Training on the spatial eye-blink 132 

conditioning task (described below) and electrophysiological recordings began following 133 

recovery from electrode implantation and once tetrodes were lowered to CA1. 134 

Behavioral procedures 135 

Before spatial eye-blink conditioning each day, rats were brought to a dedicated room 136 

and the amount of electrical stimulation necessary to induce an eye-blink in each rat was 137 
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calibrated (typical range, 0.1 - 0.6 mA). The eyelid stimulus was a 100 ms, 100 Hz train of 138 

bipolar square pulses 5 ms long, delivered through the wires implanted in the right eyelid, and 139 

stimulated using a Master-8 from A.M.P.I. and stimulus isolator A365 from World Precision 140 

Instruments. Following calibration, rats were brought to a dimly lit room containing a circular 141 

track (85 cm diameter), a towel-lined clay flowerpot, and numerous visual cues (Schimanski et 142 

al., 2013). Rats were allowed to rest in the pot for approximately 30 minutes before and after 143 

both behavior epochs on each day across all 31 days of the task (Figure 1A). Task: Rats ran 144 

from the barrier at one end of the track to the other end of the track (one lap). Rats completed 10 145 

laps for food reward without eye shocks after which rats received an eye-blink-inducing 146 

electrical stimulation pseudorandomly on 50% of laps at two locations, one in the clockwise and 147 

another in the counterclockwise direction (approximately 140 and 250 degrees relative to the 148 

barrier, see Figure 1B). Rats ran a maximum of 74 laps or until they stopped. The number of 149 

laps was yoked by young/old pairs, such that the pairs ran the same number of laps each day. The 150 

two within-day recording sessions were separated by an average of 157.5 +/- 4.0 min. This 151 

protocol was repeated for 31 days.  152 

[Figure 1] 153 

The spatial eye-blink conditioning task was chosen in the original study by Schimanski et 154 

al. (2013) to determine the effects of age on hippocampal place cell remapping. The eye-blink 155 

behavior was used to measure the rat’s perception of its location in space. In the current study, 156 

only trials without eyelid stimulation were analyzed due to the presence of significant artifact 157 

from the stimulus. Running behavior was influenced by the conditioned stimulus (eye shock); 158 

some rats tended to slow down before the shock zone and reward site and accelerate after exiting 159 

the shock zone, however the effect on running behavior was variable in both groups.  160 
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 Animals ran along the circular track at a variety of speeds and acceleration/deceleration 161 

values. Figure 1C shows the distribution of speeds achieved by young and old rats as they 162 

moved across the track between reward zones. One old rat fell ill on day 15 and was removed 163 

from the study. Analysis of speed data from his 15 days of recording showed that he was not able 164 

to reliably reach speeds greater than 30 cm/s and was therefore removed from further analysis. 165 

The probability distribution for speeds from 1-80 cm/s is shown for each rat in thin lines while 166 

the thick line represents the mean. Young rats ran, on average, faster than did old rats (t(8.6) = 167 

2.61, p = 0.029, Cohen’s d = 1.58). Figure 1D also shows the distribution of acceleration and 168 

deceleration values for young and old rats. Young rats accelerated faster, on average, than did 169 

old rats (t(8.6) = 3.45, p = 0.008, Cohen’s d = 2.05) and decelerated faster (t(8.4) = -3.02, p = 170 

0.016, Cohen’s d = -1.79). Because old rats were unable to reliably run at speeds greater than 40 171 

cm/s or accelerate/decelerate faster than 30 cm/s2 or -30 cm/s2, analyses were limited to speeds 172 

from 1-40 cm/s and acceleration/deceleration values between -30 cm/s2 and 30 cm/s2. 173 

Surgical and electrophysiological recording procedures 174 

 Prior to experimentation, animals were implanted with eyelid stimulation electrodes and 175 

chronic electrode arrays (“hyperdrives”) holding 12 independently adjustable tetrodes 176 

(McNaughton et al., 1983b; Wilson and McNaughton, 1993). Tetrodes consisted of four twisted 177 

polyimide-coated nichrome wires (13 µm diameter). Prior to surgery, rats received antibiotic 178 

treatment (either a 10-day ampicillin cycle or a 5-day sulfamethoxazole and trimethoprim oral 179 

suspension cycle). On the day of surgery, rats were anesthetized using 1.0 - 2.0% isoflurane in 180 

oxygen (flow rate 1.5 L/min) and placed into a stereotaxic apparatus. Craniotomies were 181 

centered over the right hippocampus (2.0 mm lateral and 3.8 mm posterior to bregma). Tetrodes 182 

were lowered to an initial depth of 1mm at surgery and lowered over the next 14 days to 183 
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optimally record extracellular spikes from CA1 pyramidal cells. Two additional tetrodes in 184 

which the four wires were shorted together served as references and were placed in or near the 185 

corpus callosum and hippocampal fissure. Dental acrylic was used to secure all wires and a 186 

ground screw to the skull.  187 

Neural signals were amplified through a unity-gain headstage and programmable 188 

amplifiers (Neuralynx Inc., Bozeman, MT). Electrophysiological signals were recorded using the 189 

Cheetah Data Acquisition System (Neuralynx). A 1 ms window was recorded surrounding each 190 

candidate action potential. Single-unit activity was digitized at 32 kHz, amplified 500-5,000 191 

times, and bandpass filtered between 600 and 6,000 Hz. Local-field potential (LFP) activity was 192 

recorded from a subset of tetrodes, bandpass filtered from 0.5 to 600 Hz, and sampled at 1893 193 

Hz. LFP channels from each rat on each session were visually inspected and chosen by visual 194 

inspection for optimization of three metrics: 1) polarity of sharp wave deflection was positive 195 

and low (to keep anatomical depth of recording as constant) and 2) less than 20% of the 196 

recording was above artifact threshold (800μV), and 3) visual inspection of power spectral 197 

densities (PSDs) of LFP activity during the task showed a normal 1/f distribution. LFP channels 198 

were chosen blinded to rat age. 199 

Video tracking data were obtained with an overhead CCD camera at 32 frames per 200 

second. Speed was calculated by finding the first derivative of the tracking data acquired from 201 

the overhead camera, squaring and smoothing the result. Acceleration and deceleration values 202 

were calculated by then taking the first derivative of speed data. 31 recording sessions were 203 

acquired from 11 rats (6 young and 5 old). 204 

Analysis of local-field potentials 205 

 Measures of power across specific frequency ranges (theta: 5-10 Hz, broadband gamma: 206 



 

11 
 

30-120 Hz, low gamma: 30-55 Hz, high gamma: 65-120 Hz) were obtained by bandpass filtering 207 

signals (Butterworth, 12th order) and taking the absolute value of the Hilbert transformed data. 208 

Mean power was determined after restricting analysis to trial running on non-eye-blink-209 

stimulated trials and periods when the rat was running between 1-40 cm/s. Peak frequency was 210 

determined using Matlab’s instfreq() function on signals also restricted to these behavioral 211 

epochs. 212 

Measures of power across varying speeds during non-stimulated trials were obtained 213 

using a bump wavelet (cwt() function in Matlab’s Signal Processing toolbox). Figure 1E/F 214 

shows the average gamma (30-120 Hz) and sub-gamma (2-30 Hz) activity across the maze for a 215 

single example session (day 12, first run) from one young (Figure 1E) and one old (Figure 1F) 216 

animal. The animal’s average speed across the maze is overlaid in black and average 217 

acceleration/deceleration is show by the dark gray dashed line.  218 

To quantify the relationship between speed and peak oscillatory frequency, normalized 219 

wavelet power spectra as rats moved between speeds of 1-40 cm/s were obtained for each rat on 220 

each day. Power values were normalized by taking the z-score of the power for each frequency 221 

(180 frequencies between 30-120 Hz for gamma and 20 frequencies between 5-9 Hz for theta). 222 

These spectra were then binned by running speed from 1-40 cm/s in bins of 1 cm/s for a total of 223 

39 bins. An average power spectral density by running speed plot was thus obtained for each rat 224 

on each day. The frequency of maximum z-scored power was identified for each running speed 225 

and then a robust regression (robustfit() in Matlab) was performed across these values to obtain 226 

beta values for slope and intercept for each rat. This same procedure was used to quantify the 227 

relationship between theta/gamma power, acceleration (>0 cm/s2 and <30 cm/s2, 29 bins) and 228 

deceleration (< 0 cm/s2 and > -30 cm/s2, 29 bins). 229 
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Quantification of single unit activity 230 

Selection of Neurons for Analysis:  231 

Analysis was restricted to putative principal neurons as determined by analysis of 232 

waveform shape, the autocorrelogram, and mean firing rate (Csicsvari et al., 1999; Barthó et al., 233 

2004; Cowen and McNaughton, 2007). Neurons with a short-latency peak in the autocorrelogram 234 

(~10 ms) and wide waveforms were classified as principal cells. Neurons with either narrow 235 

waveforms or a late peak in the autocorrelogram (~100 ms) were classified as interneurons. 236 

Putative interneurons were not included in the analysis due to the relatively low abundance of 237 

interneurons recorded. Analysis of place-specific activity was further restricted to neurons with 238 

spatial information per spike values of  > 0.4 bits. To reduce the contribution of double counting 239 

the same neuron across days, analyses described below were performed on datasets acquired 240 

every other day (starting on day 2 of recording). Tetrodes were re-positioned on a near daily 241 

basis, so it is likely that double counting was virtually eliminated. 242 

Data collected during periods of eyelid stimulation was eliminated from the analysis to 243 

avoid contamination from electrical artifact. Analysis of neural activity was restricted to times in 244 

which rats were moving ≥ 4 cm/s to reduce the potential contribution of activity related to sharp-245 

wave ripples or activity during rest or grooming. To facilitate comparisons between old and 246 

young animals, place fields were excluded from analysis if the mean running speed within the 247 

field boundaries was > 40 cm/s (see Figure 1C). Individual neurons often express unique fields 248 

in different running directions (McNaughton et al., 1983a). To constrain analyses so that only 249 

one field was analyzed per neuron, all calculations of firing properties and spatial information 250 

were restricted to trials/running directions associated with the field with the greatest spatial 251 

information content. 252 
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Firing rate measures: 253 

Two measures of firing rate were analyzed. The mean firing rate was measured as the 254 

total spikes observed divided by the total time spent while actively moving on the track. The 255 

peak firing rate of a given place cell was determined as the maximum firing rate when the rat 256 

was within the boundaries of the place field (see below).  257 

Place field measurement: 258 

Place fields were computed by first binning the linearized position of the track into 3 cm 259 

bins (4 degrees of circumference) and then determining the vector of the time spent in each bin 260 

(occupancy = Occ) and the vector of the number of action potentials per bin (Vspk). The place 261 

field was calculated as Vspk/Occ. The boundaries of a place field were determined by first 262 

smoothing the occupancy normalized linearized place field (3rd degree polynomial filter, window 263 

= 30° on track, sgolayfilt() in Matlab). Starting from the location of peak activity of the place 264 

field, the two locations at 20% of the peak were identified (preceding and following the peak). 265 

From these two points, the locations of the field boundaries were extended to the locations where 266 

the firing rates stopped decreasing (e.g., reached zero or started increasing). These points marked 267 

the start and end of the field. 268 

Spatial information: 269 

Spatial information content by time (bits per second) was calculated as 270 

𝐼 𝑃
𝑓𝑟
𝑓𝑟

𝑙𝑜𝑔 𝑓𝑟  

and spatial information by spike was calculated as 271 

𝐼 𝑃
𝑓𝑟
𝑓𝑟

𝑙𝑜𝑔
𝑓𝑟
𝑓𝑟
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(Skaggs et al., 1993). In these formulae, i is the place field bin and Pi is the probability of 272 

occupancy in that bin, fr indicates mean firing rate of the neuron and fri indicates the firing rate 273 

within a spatial bin. These two measures were used as they convey different computational 274 

interpretations. Specifically, It measures the overall spatial content of the place field or how 275 

much information per second a cell is capable of transmitting to downstream neurons. In 276 

contrast, Isp measures the information content per action potential which controls for differences 277 

in firing rate and indicates increased “specificity” and “compactness” of the place field (Skaggs 278 

et al., 1993). 279 

Analysis of spike–field coherence: 280 

Spike-field coherence (SFC) measures the degree to which spikes phase-lock to specific 281 

frequencies of the local field potential (e.g., Bragin et al., 1995; Womelsdorf et al., 2006; Jutras 282 

et al., 2009; Benchenane et al., 2010). SFC was computed by first measuring the phase of the 283 

oscillation at the time of each action potential. The Rayleigh-z measure of phase locking (Fisher, 284 

1993) was computed for the resulting distribution of phases, and this value was then compared to 285 

a computed null distribution. This null distribution was generated by re-calculating the Rayleigh-286 

z value 400 times after randomly sampling phases with replacement within a ±0.5 second 287 

window surrounding each action potential. This local-window approach, as opposed to randomly 288 

selecting phases across the entire recording, was done to reduce possible contamination from 289 

slow non-stationary changes in the distribution of phases that can bias measures of phase 290 

locking. The p value of phase-locking for each neuron was determined using a kernel smoothing 291 

density estimate (ksdensity() in Matlab) of the null distribution.  292 

Modifications to the analysis of spike-field coherence to increase the precision of phase-293 

locking measures: While the general procedure described above for analyzing spike-field 294 



 

15 
 

coherence was followed, modifications were made to address the complication raised by the 295 

wide-band response of gamma observed in the data (30-120 Hz, see Figure 3A). Traditional 296 

measures typically use a single band-pass filter to identify a single measure of phase across a 297 

range of frequencies. This is not ideal for the wide-band response observed here as gamma 298 

frequencies varied as a function of running speed (Figure 3A), and phase can vary considerably 299 

within the wide gamma band (see Figure 6C). To address this, we augmented the procedure 300 

described above. First, the Morelet wavelet spectrogram was determined for the ±0.5 second 301 

window surrounding each action potential (30-120 Hz, Figure 6A). This spectrogram was 302 

normalized by subtracting the mean wavelet power spectral density (computed over the entire 303 

track-traversal period) to reduce the 1/f component present in neural spectra. The frequency at 304 

which power was maximal at the time of the action potential was then identified (Figure 6A, 305 

white x). Third, the phase at this frequency (Figure 6BC, magenta and yellow x’s) was identified 306 

and used to compute the distribution of phases needed for the Rayleigh-z measure of phase-307 

locking.  308 

To better ensure that phase-locking was measured during periods where oscillatory 309 

activity was present, spikes were eliminated from analysis if maximum oscillatory power at the 310 

time of the spike fell below the mean power measured during the track-running period. In 311 

addition, neurons with < 30 spikes during behavior were eliminated from analysis. While this 312 

approach was developed to address the wide-band gamma response, it was also used to measure 313 

phase-locking to theta (Figure 6F) to facilitate comparison between these different rhythms. 314 

Statistical analyses 315 

Data are presented as mean +/- standard error (SE). Standard parametric tests such as 316 

Student’s t-tests, regression, and ANOVA and non-parametric tests such as Wilcoxson rank sum 317 
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tests were used. Tukey-Kramer (ANOVA) and Bonferroni-Holm corrections were performed to 318 

adjust for familywise error. Alpha was set at 0.05 (two-tailed). Statistical analyses were 319 

performed using Matlab (The MathWorks, Inc., Natick, Massachusetts) and R (R Core Team, 320 

v4.0.4). 321 

Results 322 

Old rats exhibited spatial memory impairments on the Morris water maze, but no impairments 323 

in spatial eye-blink conditioning. 324 

As reported in Schimanski et al. (2013), aged animals had a significantly longer mean 325 

corrected integrated path length (CIPL; Gallagher et al., 1993) for the last day of water maze 326 

testing (average of 6 trials) than did young animals (p = 0.017, Wilcoxon rank-sum). Conversely, 327 

as reported in Schimanski et al. (2013), aged animals did not exhibit deficits in their ability to 328 

blink near the stimulation zone (t(7.2) = -1.49, p = 0.179).  329 

No differences in theta and gamma frequency or power between age groups were detected 330 

when locomotor activity was not accounted for. 331 

Average power spectral densities during non-stimulated trials for speeds between 1-40 332 

cm/s for each rat are shown in Figure 2A. When analyzed this way, theta frequency was not 333 

significantly different between young and old animals (t(8.5) = 2.10, p = 0.067, Cohen’s d = 334 

1.27; Figure 2B). As previously reported by Insel et al. (2012), there were also no significant 335 

age-associated differences in average broadband gamma frequency (t(9.0) = -0.22, p = 0.829; 336 

Figure 2C). Different functional roles have been proposed for low (~30-55 Hz) and high (~65-337 

120 Hz) gamma (e.g., Colgin et al., 2009; Bieri et al., 2014; Dvorak et al., 2018). Consequently, 338 

we investigated the possibility that low and high gamma are differentially modulated by age. We 339 
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saw no differences in peak low gamma frequency between age groups when all speeds were 340 

collapsed between 1 and 40 cm/sec (t(4.4) = -0.65, p = 0.546; Figure 2D) or peak high gamma 341 

frequency between age groups (t(6.0) = 0.67, p = 0.526; Figure 2E). Theta power did not differ 342 

between age groups (t(9.0) = -0.54, p = 0.602; Figure 2F), nor did broadband gamma power 343 

(t(7.6) = -0.48, p = 0.642; Figure 2G), power for low gamma (t(8.0) = -0.42, p = 0.685; Figure 344 

2H), or high gamma (t(7.3) = -0.60, p = 0.570; Figure 2I). 345 

[Figure 2] 346 

Gamma frequency increased with running speed at a slower rate in old animals. 347 

 To determine if age impacts the relationship between gamma frequency and speed, we 348 

created a normalized power spectrogram at each running speed for each recording session. This 349 

was accomplished by subtracting the mean spectral power across frequencies and dividing by the 350 

standard deviation (z-scores) at a given speed. Frequencies were binned in 0.5 Hz steps between 351 

30 and 120 Hz. These normalized spectrograms were computed at each speed (1-40 cm/s) to 352 

create an average speed by relative gamma power matrix for each day. Matrices were averaged 353 

across all 31 days for each animal. The frequency of maximum gamma power was found for 354 

each speed, and a robust regression analysis (robustfit() in Matlab) was performed across the 355 

maxima to compute the slope and intercept for each animal (see Figure 3A for example). 356 

[Figure 3] 357 

Figure 3B shows the regression lines for each rat overlaid on the average normalized 358 

speed by frequency power plots for young and old rats. Old animals had a significantly higher 359 

value for the y-axis intercept than did young animals, indicating that peak gamma frequency was 360 

higher for lower running speeds in older animals (t(8.9) = -3.35, p = 0.009, Cohen’s d = 2.00; 361 

Figure 3C). Additionally, slopes were significantly lower for older animals, indicating that the 362 
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rate of increase in gamma frequency by speed is reduced in aged animals (t(8.3) = 2.8, p = 0.022, 363 

Cohen’s d = 1.71; Figure 3D). To determine if the relationship between running speed and 364 

gamma frequency was weaker in older animals, we compared R2 values (goodness of fit) of the 365 

regression lines between young and old animals, but we saw no significant differences (t(9.0) = 366 

1.33, p = 0.217). Together, these results indicate that hippocampal CA1 network activity in aged 367 

rats reliably scales with running speed, but over a smaller range of frequencies compared to 368 

younger rats (right axis in Figure 3D). 369 

Theta frequency is higher in young than in old animals across running speeds, but in both age 370 

groups frequency scales with speed at the same rate. 371 

 To assess whether theta is differentially modulated by speed in young and old rats, the 372 

same speed by frequency analysis was performed for theta frequencies (5-9 Hz) in steps of 0.2 373 

Hz. Figure 4A shows an example of this analysis for a young and an old rat. Figure 4B shows 374 

the average speed by theta frequency plots for young and old animals with individual animals’ 375 

regression lines overlaid in black. The mean intercept of the regression line was higher for 376 

younger animals (t(8.2) = 3.10, p = 0.014, Cohen’s d = 1.89; Figure 4C); however, there was no 377 

difference in the slope and range of these regression lines between young and old animals (t(7.8) 378 

= -1.70, p = 0.129; Figure 4D). The R2 measure trended towards being greater for old animals, 379 

but this was not statistically significant (t(7.9) = -2.27, p = 0.054). These observations indicate 380 

that theta frequency in old animals scales with running speed at the same rate as it does for 381 

young animals, but that, on average, young animals have a higher theta frequency given the same 382 

running speed as old animals. 383 

[Figure 4] 384 

Theta is modulated by speed, deceleration, and acceleration while gamma is principally 385 
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modulated by speed and deceleration in both aged and young rats. 386 

 Recent reports have indicated that acceleration is the best predictor of theta frequency 387 

(Kropff et al., 2021). Thus, we investigated acceleration and deceleration as potential predictors 388 

of both theta and gamma frequency in young and old rats. Because rats rarely achieved 389 

acceleration and deceleration values greater than 30 cm/s2 or less than -30 cm/s2 , we restricted 390 

our analyses to this range. Figure 5A shows example plots of deceleration and acceleration by 391 

theta frequency across all session from an example young and old animal. Figure 5B shows 392 

example plots for gamma range activity. Figures 5C and 5D show average deceleration and 393 

acceleration plots for animals grouped by age for theta and gamma range activity, respectively. 394 

[Figure 5] 395 

To determine if the relationship between acceleration/deceleration and theta frequency 396 

was different with age or acceleration/deceleration, we performed a mixed 2x2 ANOVA. We 397 

found no main effects of age (F(1,9)= 0.17, p = 0.690) or acceleration/deceleration on slope 398 

values (F(1,9) = 3.04, p = 0.115) or any interaction (F(1,9) = 0.27, p = 0.618; Figure 5E). 399 

Additionally, the R2 values for young and old animals showed no significant differences for 400 

deceleration (t(8.9) = -0.96, p = 0.363) or acceleration (t(6.37) = -1.11, p = 0.307) across theta 401 

frequencies. 402 

We were also interested in whether our data replicate recent observations that 403 

acceleration is a better determinant of theta frequency than speed (Kropff et al., 2021). Because 404 

we had observed no age effects, we compared R2 values for speed, deceleration, and acceleration 405 

across all animals. We found no significant difference in R2 measures for these three different 406 

movement parameters (F(2,20) = 0.71, p = 0.506; Figure 5F).  407 

 To our knowledge, no one has yet reported how gamma frequency scales with 408 
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acceleration. Comparing slopes for deceleration and acceleration, we found no significant main 409 

effect of age (F(1,9) = 0.22, p = 0.218); however, the frequency decreased more per unit of 410 

deceleration (Hz/cm/s2) than it increased per unit of acceleration (F(1,9) = 8.37, p = 0.018, 411 

partial η2 = 0.27; Figure 5G). There was no age by acceleration/deceleration interaction (F(1,9) 412 

= 1.69, p = 0.226).  413 

The R2 value of the relationships between gamma frequency and both deceleration and 414 

speed was greater than the R2 value of the relationship between gamma frequency and 415 

acceleration (F(2,20) = 14.99, p = 0.0001, η2 = 0.48; post-hoc speed vs. acceleration, p = 0.0004; 416 

Bonferroni-Holm corrected; post-hoc speed vs. deceleration p = 0.0005; Bonferroni-Holm 417 

corrected; Figure 5H).  418 

Aged CA1 neurons show increased phase locking to gamma. 419 

 Our analysis thus far has emphasized the degree to which gamma frequency changes with 420 

locomotor behavior. Traditional measures of phase locking estimate phase using a single band-421 

pass filter (e.g., Bragin et al., 1995; Jutras et al., 2009). Assessing phase locking across the wide 422 

range of gamma frequencies observed here (30-120 Hz, Figure 3AB) poses problems for this 423 

approach as phase could vary as a function of frequency within the band. To address this, the 424 

approach illustrated in Figure 6 was adopted. Briefly, at the time of each action potential, we 425 

identified the frequency within the 30-120 Hz band where power was maximal (Figure 6A) and 426 

used this frequency to determine the phase assigned to that action potential (Figure 6AB, See 427 

Methods). 428 

[Figure 6] 429 

 Gamma oscillations are thought to group cell assemblies (Lisman and Jensen, 2013). We 430 

hypothesized that a reduced responsiveness of gamma frequency to running speed in older 431 
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animals (Figure 3) would be accompanied by a reduced capacity of these oscillations to entrain 432 

neurons. Intriguingly, we found that neurons from older animals were more phase-locked to 433 

gamma relative to those from young animals (p = 0.0007, Wilcoxson rank sum test, Cohen’s d = 434 

0.46; Figure 6D). This effect was also significant at the animal-level of analysis (p = 0.004, 435 

Cohen’s d = -2.8; Figure 6E). The same approach was used to assess phase locking to theta. 436 

While phase-locking to theta was greater in neurons from aged relative to young rats (p = 0.0034, 437 

Wilcoxson rank sum test, Cohen’s d = -0.2, n = 585 old, n = 335 young neurons, Figure 6F), this 438 

effect was not significant at the animal level (p = 0.80, Wilcoxon rank sum test; Figure 6G). 439 

Within-field firing rates are reduced in aged rats but spatial information per action potential is 440 

increased. 441 

One hypothesis put forward by Ahmed and Mehta (2012) is that increased gamma 442 

frequency at higher running speeds allows for a quicker transition between cell assemblies, so 443 

that spatial information is not lost. Because we observed a reduced scaling of gamma frequency 444 

with running speed in old animals, we hypothesized that place cells in older animals carry less 445 

spatial information. To test this hypothesis, we examined the information content of place cells 446 

(n = 754 old, n = 466 young, n =1220 total fields) from young and old animals. Two measures of 447 

spatial information content were considered (Skaggs et al., 1993, see Methods). Information-448 

per-time (It) measures how much information per second a cell is capable of transmitting to 449 

downstream neurons. In contrast, information-per-spike (Isp) indicates the information content 450 

per action potential, thus controlling for differences in firing rate. Furthermore, higher values of 451 

Isp suggest increased “specificity” of the neural response to spatial location and the presence of 452 

compact place field (Skaggs et al., 1993). 453 

Using the It measure of information per second, we found that place cells recorded from 454 
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old rats had significantly lower spatial information rate than those recorded from young animals 455 

(p < 1e-8; Wilcoxon rank sum test; Figure 7A); however, this effect was not significant at the 456 

animal level of analysis (p = 0.13, Wilcoxon rank sum test; Figure 7B). It can be impacted by 457 

running speed and firing rate. Consequently, we investigated whether the within-field running 458 

speed (Figure 7CD) and within-field firing rates (Figure 7EF) different by age group. No 459 

group-level difference in with-field running speed was observed at the neuron (p = 0.22, 460 

Wilcoxson rank sum test; Figure 7C) nor the animal level of analysis (p = 0.73, Wilcoxon rank 461 

sum test; Figure 7D). Contrastingly, within-field firing rates were reduced when measured both 462 

at the neuron (p = 1e-7, Wilcoxon rank sum test; Figure 7E) and animal levels of analysis (p = 463 

0.02, Wilcoxon rank sum test; Figure 7F) with old animals displaying reduced within-field 464 

firing rates of hippocampal place cells. This age-associated reduction in firing rates was not 465 

observed for out-of-field activity at the individual unit (p = 0.14; Figure 7G) nor at the animal 466 

level of analysis (p = 0.79, Wilcoxon rank sum test; Figure 7H).  467 

[Figure 7] 468 

Within-field firing rates correlated strongly with It at the neuron (R2
full = 0.81, pfrate = 2e-469 

16, page = 4e-7, page:frate = 0.56, Figure 7I) and the animal levels of analysis (R2
full = 0.82, pfull = 470 

0.0004, page = 0.47; Figure 7J). While there was a significant effect of age at the neuron level, 471 

the overlapping and parallel regression lines, the lack of a significant interaction, and the absence 472 

of an effect at the animal level indicated that the effect of age on It was small at best. The strong 473 

overall relationship between It and firing rate, however, indicated that measures of information 474 

per spike (Isp), could provide additional information on the spatial processing capacity of CA1 475 

neurons in aged rats as this measure adjusts for differences in firing rate. Using this metric, we 476 

found, intriguingly, that cells from older animals had significantly more spatial information per 477 
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spike (p = 4e-7, Cohen’s d = -0.33; Figure 7K). This effect remained significant at the animal 478 

level of analysis (p = 0.03, Cohen’s d = -1.51; Figure 7L). Together, these results imply that the 479 

age-associated reductions in information rate are the consequence of reduced within-field firing 480 

in older animals. Yet, despite this reduction in within-field firing rate, information per spike is 481 

significantly greater in older animals, indicating that these cells have the capacity of transmitting 482 

at least as much information as neurons in young rats. 483 

Discussion  484 

Several novel findings emerged from this study of the hippocampus CA1 region of young 485 

and aged rats. First, gamma frequency increased with higher running speeds in both age groups 486 

but did so over a reduced range of frequencies in the older animals. Second, overall theta 487 

frequency was lower in aged rats but similarly modulated by running speed. Third, while gamma 488 

and theta scaled equally well with deceleration and speed, acceleration was significantly less 489 

correlated with gamma frequency in both age groups. Fourth, single unit phase-locking to 490 

gamma, but not theta, was significantly increased in aged rats. Fifth, spatial information per 491 

spike was greater in older animals. Finally, within-field but not out-of-field firing rates were 492 

reduced in older animals. Previous studies of the impact of age on oscillatory dynamics and place 493 

cell activity have averaged across speed, frequencies, and maze locations. By taking these factors 494 

into account, we were able to identify specific age-associated changes that may have otherwise 495 

been obscured. 496 

Gamma and theta modulation by running speed  497 

Without regard to the animal’s speed, no age-related differences were observed in gamma 498 

or theta frequency or power (Figure 2), consistent with previous reports that did not account for 499 

running speed (Abe and Toyosawa, 1999; Insel et al., 2012). When speed was taken into account, 500 
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gamma frequency increased with running speed in both young and old animals equally reliably, 501 

replicating the findings first reported by Ahmed and Mehta (2012). The slope of this relationship, 502 

however, was reduced in older animals (Figure 3). The scaling of gamma frequencies by running 503 

speed is thought to facilitate the transition between elements of a spatial sequence to keep up 504 

with changes in sensory flow (Ahmed and Mehta (2012). Reductions of the frequency range over 505 

which gamma scales with running speed in old rats may limit the ability of hippocampal 506 

networks to flexibly adjust to changes in sensory input, potentially degrading sequence 507 

information.  508 

One potential reason for the observed reductions of gamma scaling in old rats is a sparser 509 

set of inputs from afferent regions that convey sensory information to CA1 pyramidal cells. An 510 

example of this is a reduced extracellular excitatory post synaptic potential (EPSP) response in 511 

CA1 elicited by stimulation of CA3 inputs (Landfield et al., 1986; Barnes et al., 1992; Deupree 512 

et al., 1993). Because there is no age difference in the depolarization of CA1 pyramidal cells 513 

elicited by stimulation of a single CA3 axon (unitary EPSP), it was hypothesized that a subset of 514 

synapses might be silent (Barnes et al., 1992). Subsequent anatomical studies found a reduction 515 

in postsynaptic density sizes in some CA1 synapses of old rats, which may provide an 516 

explanation for the observed weakening of transmission in this structure (Nicholson et al., 2004). 517 

It remains to be determined whether the direct input from layer 3 entorhinal cortex into CA1 is 518 

also altered with age. 519 

 Theta frequency is reported to increase with running speed (McFarland et al., 1975), and 520 

we confirmed that this occurred in both young and old animals in the present study. Consistent 521 

with previous studies (Shen et al., 1997), theta frequency was significantly lower across all 522 

running speeds in older animals. One possible explanation for reduced theta frequency in older 523 
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rats is a change in cholinergic and GABAergic modulation of theta from medial septal inputs to 524 

CA1 (Sun et al., 2014). This possibility has yet to be examined but is supported by work 525 

demonstrating that modulation of cholinergic and GABAergic tone similarly alters the 526 

relationship between running speed and theta frequency (Burgess, 2008; Wells et al., 2013; 527 

Monaghan et al., 2017). In fact, there is a 50-60% reduction in cholinergic transmission observed 528 

across hippocampal subfields in aged rats (Shen and Barnes, 1996). Future experiments should 529 

explore whether modulating cholinergic activity in aged animals would increase theta 530 

frequencies and improve memory. 531 

Gamma and theta frequency modulation by speed, acceleration, and deceleration 532 

A recent report by Kropff et al. (2021) suggests that theta frequency is primarily modulated 533 

by acceleration. In the present study, theta frequency was equally related to speed, deceleration, 534 

and acceleration in both age groups. The task implemented by Kropff et al. (2021) utilized a 535 

bottomless car that allowed independent control of speed and acceleration and resulted in the 536 

finding that theta was only related to acceleration but not speed or deceleration. The apparent 537 

discrepancy with the present study might be explained by the fact that these variables could not 538 

be separated in our paradigm. While not examined by Kropff et al. (2021), we observed a 539 

decoupling of the impact of speed and deceleration on gamma frequency from that of 540 

acceleration. Higher acceleration values tended to occur with the initiation of the trial before 541 

animals reached the shock zone, while greater speeds and deceleration co-occurred as the animal 542 

neared the reward zone. Viewed in this way, perhaps these different task components (e.g., 543 

anticipating reward versus anticipating shock) modulate gamma in distinct ways.  544 

Gamma and theta spike-field coherence 545 

We observed that CA1 place cells from aged animals were more phase-locked to gamma 546 
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than those from young animals (Figure 6E). This was very robust at the animal level, with every 547 

old animal showing greater gamma phase-locking than every young animal. This increased 548 

phase-locking happened in conjunction with a decrease in the range of frequencies over which 549 

gamma was modulated by speed (Figure 3). The decreased range of gamma frequencies across 550 

speeds suggests that the same gamma frequency will be induced by a greater number of speeds in 551 

the old animals. Conversely, at the animal level, young and aged rats showed a similar pattern of 552 

pyramidal cell phase-locking to the theta rhythm (Figure 6G) and the range of theta frequencies 553 

over which theta was modulated by speed was also not different. Together, these observations 554 

indicate that when the range of frequencies is reduced, as for gamma in older rats, neurons 555 

maintain a stronger phase relationship with the oscillation, which may facilitate network 556 

function. 557 

Place cell spatial information content 558 

Because gamma modulation by running speed was reduced in older animals (Figure 3), 559 

we predicted that this would compromise the spatial information carried by place cells. In accord 560 

with this prediction, we found that overall spatial information rate (It) (Skaggs et al., 1993) was 561 

reduced in place cells from aged rats. Because this measure is heavily influenced by firing rate 562 

(Figure 7I) and because aged CA1 neurons were observed to have reduced within-field firing 563 

(Figure 7E), we also measured spatial information content per spike (Isp). This measure takes 564 

into account firing rate (Skaggs et al., 1993), and revealed that Isp was greater in aged animals 565 

within a given place field. This suggests that age does not degrade the “capacity” of place cells to 566 

represent spatial information.  567 

Within-field and out-of-field firing rates of CA1 place cells 568 

 While previous studies have suggested no age-associated differences in the overall 569 
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behavior-induced firing rate of CA1 place cells (Barnes et al., 1983; Markus et al., 1994; Wilson 570 

et al., 2005; Robitsek et al., 2015), when within- and out-of-field firing rates are assessed 571 

separately, a selective decrease in within-field firing rates was observed in old animals (Figure 572 

7F). Because firing rate follows a log-normal distribution (Mizuseki and Buzsáki, 2013), it is 573 

proposed (Buzsáki and Mizuseki, 2014) that a minority of well-connected, fast-firing neurons 574 

carry the greatest amount of spatial information, form the ‘backbone’ of spatial representations, 575 

and have more consistent place field activity (Wilson and McNaughton, 1994; Ziv et al., 2013). 576 

In contrast, the majority of place cells carry less information, fire less, participate in fewer cell 577 

assemblies, but are more plastic. Consistent with the hypothesis that higher firing cells carry 578 

more information, we observed a strong correlation between firing rate and spatial information 579 

rate (content per field) (Figure 7I). One possible consequence of the observed reduced within-580 

field firing rate (Figure 7E) is that a subset of the low-firing majority no longer meaningfully 581 

contributes to a spatial representation. If this hypothesis is correct, then a greater relative 582 

proportion of the neurons participating in a spatial representation would come from the higher 583 

firing rate cells that carry more information. If this is the case, then this may explain our 584 

observation that place cells in aged animals had greater spatial information per spike, despite 585 

reduced firing rates.   586 

It has been hypothesized that the ability of animals to distinguish between different 587 

contexts relies largely on the contribution of the more plastic slow-firing majority as their firing 588 

patterns differ to a greater extent between contexts (Buzsáki and Mizuseki, 2014). Observations 589 

of inappropriate remapping (Barnes et al., 1997) and reduced goal-finding accuracy (Rosenzweig 590 

et al., 2003) in aged rats support the hypothesis that their spatial memory impairments may result 591 

from a weaker contribution of the more plastic majority of cells. A greater relative contribution 592 
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of cells representing general context as opposed to specific details may also help explain studies 593 

of episodic memory in aging humans that find older individuals often recall the ‘gist’ of a 594 

memory at the expense of details (e.g., Koutstaal and Schacter, 1997; Paige et al., 2016; Wank et 595 

al., 2021).  596 

  597 



 

29 
 

Figure captions 598 

Figure 1. Task Design. A) Animals ran twice daily on a circular track for 31 consecutive days. The 2 599 

daily sessions were separated by 2 hours of rest. Each running epoch lasted between 15 and 45 minutes  600 

Rats ran until they reached 74 laps total or stopped running. The number of laps was yoked by 601 

young/old pairs, such that the pairs ran the same number of laps each day. B) Animals ran back 602 

and forth for reward on a circular track. After 10 trials without eyelid stimulation, rats received a 603 

brief stimulation pseudo-randomly on 50% of trials at the two locations indicated.  C) 604 

Distribution of speeds achieved by young and old rats across 31 days of track running. The bar 605 

plot (inset) shows that young rats ran, on average, faster than did old rats (t(8.6) = 2.61, p = 606 

0.029). Thin lines indicate values from individual rats, and the thick lines indicate the mean. 607 

Because old rats rarely reached speeds greater than 40 cm/s, analyses were typically limited to 608 

speeds between 1 - 40 cm/s (delineated by red line in distribution plot). D) Average acceleration 609 

values achieved throughout track running across 31 experimental days. Thin lines indicate values 610 

from individual rats, and the thick lines indicate the mean. Acceleration values >30 cm/s2 and <-611 

30cm/s2 were rarely achieved. Thus, analyses were restricted to this range (dashed red lines). Bar 612 

plots show that the magnitudes of acceleration (t(8.6) = 3.45, p = 0.008) and deceleration (t(8.4) 613 

= -3.02, p = 0.016) were greater in young rats. E) Example time-frequency plots for average 614 

gamma range (30-120 Hz, top) and sub-gamma range (2-29 Hz, bottom) activity for a young 615 

animal during an example recording session across the linearized track. Average speed is 616 

indicated by the black line (right axis) and average acceleration is indicated by the grey dashed 617 

line (second right axis). Warmer colors indicate higher power. F) The same average time-618 

frequency plots for gamma and sub-gamma activity as in E, but for an old rat. 619 

 620 

Figure 2. No differences in oscillatory frequency and power are seen when data are collapsed 621 
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across running speeds. A) Average power spectral densities (PSDs) for CA1 local-field activity 622 

during the eye-blink conditioning task at speeds greater than 1 cm/s and less than 40 cm/s. 623 

Individual lines represent averages across all 31 sessions for each animal. B) Theta (5-10 Hz) 624 

frequencies were not significantly different between young and old animals (t(8.5) = 2.10, p = 625 

0.067). C) Broadband gamma frequencies (30-120 Hz) were not statistically different between 626 

age groups (t(9.0) = -0.22, p = 0.829). D) Low gamma frequencies (30-55 Hz) were not 627 

statistically different between age groups (t(4.4) = -0.65, p = 0.546). E) High gamma (65-120 628 

Hz) frequencies were not significantly different between age groups (t(6.0) = 0.67, p = 0.526). F) 629 

Theta power was not significantly different between young and old animals (t(9.0) = -0.54, p = 630 

0.602). G) Broadband gamma power was not significantly different between age groups (t(7.6) = 631 

-0.48, p = 0.642). H) There was no significant difference in low gamma power between age 632 

groups (t(8.0) = -0.42, p = 0.685). I) There was no significant difference in high gamma power 633 

between age groups (t(7.3) = -0.60, p = 0.570).  634 

 635 

Figure 3. Gamma frequency increases with running speed in both young and old rats, but at a 636 

slower rate and over a reduced range in old rats. A) In order to quantify the relative change in 637 

peak gamma power across running speeds (1-40 cm/s), PSDs were z-scored and binned 638 

according to speed. They were then averaged for each rat. The frequency for maximum gamma 639 

power was identified for each speed bin (shown as a black circle). A robust regression (black 640 

line) was then performed to obtain a slope and intercept value for each animal. Color plots show 641 

data from one young (upper) and one old (lower) rat. Warmer colors indicate higher power. B) 642 

The average normalized power spectra for speeds from 1-40 cm/s is shown for all animals 643 

grouped by age. The overlaid black lines show individual animals’ regression lines. Warmer 644 
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colors indicate higher power. Average R2 values (inset) did not differ between age groups. C) 645 

The mean intercept of the regression lines shown in B was significantly higher for older animals 646 

than for younger animals (t(8.9) = -3.35, p = 0.009). D) The slope (Hz/cm/s) and range of 647 

frequencies spanned (Hz) by these regression lines were significantly reduced for older animals 648 

compared to younger animals (t(8.3) = 2.8, p = 0.028). 649 

 650 

Figure 4. Theta frequency is higher across all speeds in young animals but increases at the same 651 

rate across running speeds in aged and young rats. A) The same analysis as was conducted for 652 

gamma frequencies was conducted for theta frequencies. PSDs were binned across running 653 

speeds from 1-40 cm/s. Like gamma, theta frequency increases with running speed. Black circles 654 

show the frequency of maximum power, and the black line shows the regression line for an 655 

example young (top) and old (bottom) animal. Warmer colors indicate higher power. B) Average 656 

running speed by theta frequency plots for all young and old animals. Regression lines from 657 

individual animals in each age group are overlaid. Warmer colors indicate higher power. C) The 658 

mean intercept of the regression line for young animals was significantly higher than that for the 659 

old animals (t(8.2) = 3.10, p = 0.014). D) There were no significant age differences between the 660 

slope (Hz/cm/s) and frequency range (Hz) (t(7.8) = -1.70, p = 0.129).  661 

 662 

Figure 5. Acceleration is associated with increasing theta frequency while deceleration is 663 

associated with decreasing gamma frequency. A) Examples of the relationship between 664 

deceleration, acceleration, and theta frequency across all sessions for a young (upper) and an old 665 

(lower) rat. Black circles indicate peak theta frequency at each acceleration/deceleration bin. 666 

Robust regression lines are overlaid (black lines). Warmer colors indicate higher power for all 667 
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panels. B) Examples of the relationship across all sessions between deceleration, acceleration, 668 

and gamma frequency for a young (upper) and an old (lower) rat. Black circles indicate peak 669 

gamma frequency at each acceleration/deceleration bin. Robust regression lines are overlaid 670 

(black lines). C) Average relationship between deceleration, acceleration, and theta frequency for 671 

all young and old animals. Regression lines for individual animals are overlaid in black. D) 672 

Average relationship between deceleration, acceleration, and gamma frequency for all young and 673 

old animals. Regression lines for individual animals are overlaid in black. E) Two-way repeated 674 

measures ANOVA (deceleration/acceleration by age) of the slope of the relationship between 675 

deceleration, acceleration, and theta frequency was not different between young and old animals 676 

(F(1,9)= 0.17, p = 0.690) nor was there a difference in the deceleration rate and acceleration rate 677 

(F(1,9) = 3.04, p = 0.115) or any age by direction (acceleration/deceleration) interaction (F(1,9) 678 

= 0.27, p = 0.618). Slopes for deceleration were multiplied by -1 to allow comparison with 679 

acceleration values. F) Comparison of R2 values for the relationships between theta frequency, 680 

speed, acceleration, and deceleration. Because there was no effect of age, values from all animals 681 

were combined for R2 comparisons, dot color represents age group (young = green, purple = 682 

old). No difference between R2 values was observed between theta frequency and speed, 683 

deceleration, and acceleration (F(2,20) = 0.71, p = 0.506). G) Two-way repeated measures 684 

ANOVA (deceleration/acceleration by age) of the slopes of the relationships between 685 

deceleration, acceleration, and gamma frequency revealed a main effect of direction on the 686 

magnitude of the slope, such that the slope was significantly steeper for deceleration than 687 

acceleration (F(1,9) = 8.37, p = 0.018). However, there was no effect of age (F(1,9) = 0.22, p = 688 

0.218) nor was there an interaction (F(1,9) = 1.69, p = 0.226). Slopes for deceleration were 689 

multiplied by -1 to allow comparison with acceleration values. H) Comparison of R2 values 690 
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between gamma frequency, speed, acceleration, and deceleration. Because there was no effect of 691 

age, values from all animals were combined, dot color represents age group (young = green, 692 

purple = old).  A significant difference in R2 values was observed between measures of speed, 693 

acceleration, and deceleration (F(2,20) = 14.99, p = 0.0001). Post-hoc comparisons with 694 

Bonferroni-Holm corrections for multiple comparisons found that R2
speed was significantly 695 

greater than R2
acceleration (p = 0.0004) and R2

deceleration was significantly greater than R2
acceleraton (p = 696 

0.0005), but no significant differences were present between speed and deceleration R2 values (p 697 

= 0.823). 698 

 699 

Figure 6. Aged rat CA1 neurons show increased phase locking to gamma. A) Illustration of the 700 

method for assigning the phase from a wide-band gamma signal (30-120 Hz) to the time of a 701 

single action potential. The dashed line indicates the time of a single action potential (time = 0). 702 

The frequency with the greatest power at t = 0 is determined (white x in the plot) and used to 703 

estimate phase (gray arrow). B) The frequency identified in (A) (indicated as the white x) is used 704 

to identify the phase in B (magenta x) when the action potential occurred (colors indicate phase 705 

in radians). C) The yellow x and gray arrows indicate the phase at t = 0 of the same action 706 

potential from subplots A and B. This plot illustrates that phase can vary considerably as a 707 

function of frequency, emphasizing the need to select phase based on the frequency of peak 708 

power to increase the precision of phase-locking measures. D) When all cells are considered 709 

(neurons: n = 617 old, n = 437 young, n =1054 total), phase locking of spikes to gamma was 710 

increased in aged relative to young rats (p = 1e-8, Wilcoxon rank sum test, Cohen’s d = -0.40). 711 

E) When data are considered by animal, the significant effect remained (p = 0.004, Cohen’s d = -712 

2.8). F) When all cells are considered, phase locking of spikes to theta was larger in neurons 713 
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from aged relative to young rats (p = 0.0001, Wilcoxon rank sum test, Cohen’s d = -0.26); 714 

however, at the animal level (G), there was no significant effect of age on theta-band spike-field 715 

coupling (p = 0.80, Wilcoxon rank sum test). 716 

 717 

Figure 7. Within-field firing rates are reduced in aged rats, but spatial information per action 718 

potential is increased in aged rats. A) When all cells are considered, there is decreased spatial 719 

information content per place field (It) in aged when compared to young rats (p < 1e-8, Wilcoxon 720 

rank sum test, Cohen’s d = 0.40). Histograms show the distributions of spatial information values 721 

for place fields (neurons/fields: n = 617 old, n = 437 young, n =1054 total) in aged and young 722 

rats. Dark purple indicates overlap between old and young distributions. B) When averages of 723 

information content per field were calculated per animal (n = 6 young, n = 5 old rats), there was 724 

no significant difference between age groups (p = 0.13, Wilcoxon rank sum test). C) When all 725 

cells are considered, the mean within-field running speeds per place field were not different 726 

between old and young rats (p = 0.22, Wilcoxon rank sum test). Data are restricted to within-727 

field running speeds between 4-40 cm/s. D) No difference between groups was also observed 728 

when averages were calculated per animal (p = 0.73). E) When all cells are considered, within-729 

field firing rates were higher in young rats compared to old (p = 1e-7, Wilcoxon rank sum test, 730 

Cohen’s d = 0.61). F) When data are considered by animal, the significant effect remained (p = 731 

0.02, Cohen’s d = 1.68). G) When all cells are considered, no difference in the out-of-field firing 732 

rates was observed between aged and young rats (p = 0.14, Wilcoxon rank sum test). H) When 733 

data are considered by animal, no significant age effect was observed (p = 0.79). I) When all 734 

cells are considered, a significant relationship was observed between within-field firing rate and 735 

spatial information per field (It), along with a significant effect of age (R2
full= 0.81, pfrate= 2e-16, 736 



 

35 
 

page= 4e-7, page:frate= 0.56). J) When data are considered by animal, a significant relationship was 737 

observed between the mean within-field firing rate and spatial information, but there was no 738 

effect of age (pfull = 0.0004, R2
full = 0.82, page = 0.47). K) When all cells are considered, spatial 739 

information per spike (Isp) was increased in aged rats when compared to young (p = 4e-7, 740 

Cohen’s d = -0.33). L) When data are considered by animal, aged animals had significantly more 741 

information per spike (p = 0.03, Cohen’s d = -1.51). 742 
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