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Age Is Associated with Reduced Sharp-Wave Ripple
Frequency and Altered Patterns of Neuronal Variability
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Spatial and episodic memory performance declines with age, and the neural basis for this decline is not well understood. Sharp-wave
ripples are brief (~70 ms) high-frequency oscillatory events generated in the hippocampus and are associated with the consolidation of
spatial memories. Given the connection between ripple oscillations and memory consolidation, we investigated whether the structure of
ripple oscillations and ripple-triggered patterns of single-unit activity are altered in aged rats. Local field and single-unit activity sur-
rounding sharp-wave ripple events were examined in the CA1 region of the hippocampus of old (n = 5) and young (n = 6) F344 rats
during periods of rest preceding and following performance on a place-dependent eyeblink-conditioning task. Neural responses in aged
rats differed from responses in young rats in several ways. First, compared with young rats, the rate of ripple occurrence (ripple density)
is reduced in aged rats during postbehavior rest. Second, mean ripple frequency during prebehavior and postbehavior rest is lower in
aged animals (aged: 132 Hz; young: 146 Hz). Third, single neurons in aged animals responded more consistently from ripple to ripple.
Fourth, variability in interspike intervals was greater in aged rats. Finally, neurons were tuned to a narrower range of phases of the ripple
oscillation relative to young animals. Together, these results suggest that the CA1 network in aged animals has a reduced “vocabulary” of
available representational states.
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The hippocampus is a structure that is critical for the formation of episodic memories. Sharp-wave ripple events generated in the
hippocampus have been implicated in memory consolidation processes critical to memory stabilization. We examine here
whether these ripple oscillations are altered over the course of the life span, which could contribute to hippocampus-dependent
memory deficits that occur during aging. This experiment used young and aged memory-impaired rats to examine age-related
changes in ripple architecture, ripple-triggered spike variance, and spike-phase coherence. We found that there are, indeed,
significant changes in characteristics of ripples in older animals that could impact consolidation processes and memory stabili-
zation in the aged brain. j
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wave ripples and memory consolidation is suggested by the ob-
servation that electrical disruption of ripples in rats during rest
reduces performance on subsequent memory-recall tests (Gi-
rardeau etal., 2009, 2014; Ego-Stengel and Wilson, 2010; Nokia et
al., 2010). Such observations lend support to theories suggesting
that ripples are an important component of a wider corticohip-
pocampal and striatal-hippocampal network involved in the
systems-level consolidation of memory (Marr, 1971; McClelland
etal., 1995).

Despite the importance of sharp-wave ripples in memory sta-
bilization, little is known regarding how ripples change during
the course of normal aging. Results from studies using hip-
pocampal slices indicate that CA1 single-unit activity is delayed
relative to ripple onset in aged animals (Kanak et al., 2013). There
is also evidence that CA1 principal neurons in aged animals have
increased burst firing (Smith et al., 2000), although this study did
not confine its analysis exclusively to ripple events. Finally, while
work by Gerrard et al. (2001) has demonstrated that both aged
and young animals show memory trace reactivation, the fidelity
with which temporal sequences are reactivated is reduced in aged
animals (Gerrard et al., 2008). It is unknown, however, how fea-
tures of the individual ripple oscillation or the interactions be-
tween ripples and single-unit activity change with age. Indeed,
any change in ripple frequency or spike-phase synchrony could
have implications for the efficacy of spike-timing-dependent
plasticity (Bi and Poo, 1998). Increasing the temporal delay be-
tween presynaptic and postsynaptic activation would, according
to the spike-timing-dependent plasticity (STDP) curve, cause ex-
ponential decay in synaptic strength and have cumulative effects
over the course of sleep, ultimately affecting memory consolida-
tion processes. Thus, this study investigates how these properties
are altered in aging during periods of rest that precede and follow
performance on a place-dependent eyeblink-conditioning task
(Schimanski et al., 2013).

Materials and Methods

Subjects and behavioral pretraining. 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 by Schiman-
ski 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.

Before 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 pretrained 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 by Schimanski et al.
(2013), aged animals exhibited significant deficits in the spatial version of
the water maze task relative to young animals but performed no differ-
ently than young rats on the 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 tetrodes (Wilson and McNaughton, 1993). Be-
fore surgery, rats began antibiotic treatments (either 10 day ampicillin
cycle or 5 day sulfamethoxazole and trimethoprim oral suspension cy-
cle). On the day of surgery, rats 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 crani-

J. Neurosci., May 18, 2016 - 36(20):5650 -5660 + 5651

otomy made at 2.0 mm lateral and 3.8 mm posterior to bregma. Tetrodes
were constructed of four twisted polyimide-coated nichrome wires
(13 wm diameter) and were driven to an initial depth of 1 mm at surgery.
Over the next 14 d, tetrodes were lowered to optimally record extracel-
lular 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 hip-
pocampal 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). Electrophysiological signals were
recorded by the Cheetah Data Acquisition System (Neuralynx). 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 600 Hz and 6 kHz. Local field activity was
recorded from a subset of tetrodes, bandpass filtered from 0.5 to 600 Hz,
and sampled at 1830 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.

Pretraining and tetrode adjustment continued for ~14 d 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 were also acquired from a fifth
aged rat. This rat, however, became ill after 15 d 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 Preci-
sion Instruments. Every day before the experiment, current was modu-
lated to induce a complete eyeblink (typical range, 0.1-0.6 mA). After
calibration of the eyeblink current, rats were brought to a dimly lit re-
cording room containing a horseshoe-shaped track (85 cm diameter), a
towel-lined clay flowerpot, and numerous visual cues (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 (Fig. 1A). Rats ran 10 laps for
food reward. Starting on lap 11, rats received a blink-inducing electrical
stimulation at two locations: one in the clockwise and one in the coun-
terclockwise 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 d.

Statistical analyses. Standard parametric tests, such as Student’s ¢ tests
and ANOVA, were used with an « of 0.05 (two-tailed), except when
specified otherwise. For parametric statistical analysis of neuronal firing
rates, data were log-transformed so that distributions would approach
the normal distribution (Buzsdki and Mizuseki, 2014). In cases where
such transformations did not yield approximately normal distributions,
nonparametric tests, such as the two-tailed Wilcoxon rank sum tests,
were used. Analysis of phase and coherence required the use of statistical
tests designed for the analysis of circular data such as the Rayleigh z test
for evaluating nonuniformity of phase distributions (Fisher, 1995).

Identification of high-frequency events. To reduce the impact of high-
frequency artifacts on the local field signal from action potentials (Ray
and Maunsell, 2011), local field activity was first “despiked” by removing
a4 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 (80-240 Hz) and squared. A candidate high-
frequency event was identified whether the squared power exceeded 5
SDs above the mean, lasted for atleast 30 ms, and had a peak frequency of
atleast 90 Hz. Only events that occurred during immobility as measured
by video tracking were included in these analyses. The time of event onset
was determined by moving backward in time from the point of threshold
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Behavioral paradigm and an example of a low- and high-frequency ripple oscillation recorded during rest. 4, Schematic of the behavioral paradigm. A daily recording session consisted

of two behavioral epochs surrounded by a prebehavior and postbehavior rest period. B, Top, local field potential of a ripple (peak frequency: 187 Hz). Colored dots indicate action potentials from
simultaneously recorded neurons. Color represents neuron identity. Bottom, Fourier spectrogram. Zero on the x-axis indicates ripple onset. Peak frequency indicated by white horizontal line. C, A

second example. Ripple peak frequency: 128 Hz.

detection until power fell to 2 SDs above the mean. The same procedure
was applied forward in time to determine event offset (for examples of
detected ripple oscillations, see Figure 1). Peak frequency was deter-
mined by first constructing a spectrogram using a short-time Fourier
transform across the extent of the ripple and then identifying the fre-
quency with the highest power.

Depth of slow-wave modulation. Physiological quality of slow-wave
sleep was determined by measuring the 6-6 ratio as described by Wier-
zynski et al. (2009), with values <1 indicating slow-wave sleep. Local
field activity was downsampled to 2 kHz, restricted to periods of a min-
imum of 1 min of immobility, and bandpass filtered in the 6 (6-10 Hz)
and 6 (0.5-2 Hz) bands. Continuous root mean square values for each
frequency band were smoothed over 1 s bins with a convolution filter.
The 60-8 ratio was then averaged over each recording session and each
animal.

Normalizing peak deflection. Features of the ripple oscillation can vary
as a function of depth in the CA1l cell layer (e.g., Sullivan et al., 2011).
Because moveable tetrodes were used, the depth of a particular tetrode
relative to the CA1 cell-body layer changed across days. A reliable indi-
cator of the approximate distance from the electrode tip to the pyramidal
cell layer of CA1 is the magnitude and direction of the deflection of the
sharp-wave ripple event (Buzsdki et al., 1992). To ensure that cross-
session and cross-animal measurements were acquired at similar depths
relative to the layer, tetrodes were subsequently selected so that the dis-
tribution of these deflections was similar in aged and young animals. This
was accomplished by quantifying the deflection for each ripple as the
deviation from zero of the low-frequency bandpass-filtered (7-15 Hz)
trace. Deflections were computed for each ripple and averaged across
each session. This average was used as the within-session measure of
deflection and was measured for each tetrode.

Analysis of single-unit data. Recorded spike events were sorted off line
on the basis of the peak height, waveform energy, and principal compo-
nents (KlustaKwik, author: K.D. Harris, Rutgers-Newark, Newark, NJ).
These results were refined manually with custom-written software

(MClust, author: A.D. Redish, University of Minnesota, Minneapolis;
Waveform Cutter, author: S.L. Cowen, University of Arizona, Tucson,
AZ). No attempt was made to match cells from one daily session to the
next. Consequently, the number of reported cells does not account for
possible duplicate cells recorded across consecutive days, although a
varying number of tetrodes were moved from day to day at the end of the
second recording session (Schimanski et al., 2013).

Neurons were separated into putative principal cells and interneurons
based on waveform shape, standardized autocorrelogram, and firing rate
(Csicsvari et al., 1999; Barthoé et al., 2004; Cowen and McNaughton,
2007). Neurons with a short-latency peak in the autocorrelogram (<10
ms) and wide waveforms were classified as principal cells. Neurons with
either narrow waveforms or a late peak in the autocorrelogram (>100
ms) were classified as interneurons.

Cross-correlations (CCs) were computed using a bin size of 2 ms and
a window of 100 ms. A CC was considered to have a significant peak or
trough if there was a significant difference (f test, p < 0.01) between the
vector of spike counts in the CC and the vector of spike counts in a CC
created after shuffling the interspike intervals (ISIs) of the spike trains. To
control for differences in baseline firing, mean CC activity between 70
and 100 ms on both sides of the peak of each CC was subtracted from
each point on the CC so that values indicated the difference in the coin-
cidence rate above or below this predetermined baseline.

Measurement of memory-trace reactivation. Reactivation of waking
events during rest was calculated using the explained variance approach
developed by Kudrimoti et al. (1999). Under this approach, reactivation
is measured as the degree to which the pattern of cell-pair correlations
measured during waking behavior is similar to the pattern observed dur-
ing postbehavior rest. This approach involved first creating neuron X
time matrices for rest and behavioral epochs (bin size: 20 ms), and then
using these matrices to determine cell-pair correlations during prebehav-
ior rest, behavior, and postbehavior rest. Neuron X time matrices for
rest were restricted to ripple intervals. The similarity between these 3
correlation-coefficient matrices was compared using the partial correla-
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Figure2. High-frequency oscillations are slowerin aged rats. 4, Example distributions of the peak oscillatory frequency of 90 —240 Hz events acquired during rest from 4 representative recording

sessions (2 young and 2 aged rats). In the majority of sessions, the distributions were unimodal (89% young, 79% aged, Hartigan's dip test, « = 0.05), although there were a few clear exceptions
(bottom row). B, The distribution of ripple frequencies across sessions (all 4 rest epochs within each session were combined). The mode frequency was 14 Hzlower in aged animals (p << 10 %, Rank
Sum test, mean aged = 132 Hz, mean young = 146 Hz). Solid vertical lines indicate the mean. Dashed lines indicate SEM. €, Averaged by animal: A single mean oscillatory frequency was calculated

for eachrat (n = 6 young, n = 5 aged) by averaging mode frequencies across sessions. Two-way ANOVA (age and rest epoch) revealed a significant effect of age (p < 10

(p=098).

tion coefficient between postbehavior rest and behavior, partialing out
the contribution of prebehavior rest. This was compared with the partial
correlation coefficient computed for prebehavior rest and behavior (re-
activation = rbchavior»rcstl\rcsrl T Tbehavior-rest1 \rcstz)' AnalYSiS was re-
stricted to the first three epochs (rest1, behaviorl, rest2).

Results

Decreased oscillatory frequency of ripple oscillations in

aged rats

As we did not know a priori whether age-related changes in os-
cillatory frequencies might cross previously established fre-
quency categories (Sullivan et al., 2011), we used a wide bandpass
filter (80-240 Hz) to identify candidate high-frequency events.
The distribution of ripple frequencies was determined by pooling
all rest-associated ripple events during a single recording session
(examples in Fig. 2A). The majority of these distributions were
unimodal (89% young, 79% aged, Hartigan’s dip test, @ = 0.05),
suggesting that, for most rest sessions, frequency varied on a
continuum with no clear segregation of ripples into categories by
frequency. Because these distributions were not Gaussian, the
mode frequency was used as the measures of central tendency for
each session. The distribution of these modal frequencies was
compared in aged and young rats, revealing a clear segregation
between age groups, with the mean of the distribution of modal
frequencies being 132 Hz in aged and 146 Hz in young animals, a
difference of 14 Hz (Fig. 2B; p < 10 ~°, Rank Sum test, n = 156
young sessions, n = 113 aged sessions). The difference was also
observed when averaged by animal (Fig. 2C; two-way ANOVA,
factors: age and rest epoch, n = 6 young, n = 5 aged, effect of age
p < 1077, no effect of rest epoch was observed, p = 0.98). In
addition, ripple frequency distributions for young rats were more
negatively skewed than for aged rats (p < 10 >, Wilcoxon Rank
Sum, mean skewness young = —0.11, n = session; aged = 0.33,
n = 113 sessions).

Ripple frequency decreases during postbehavior rest in aged
and young animals

The observation of robust age-associated differences in oscilla-
tory frequency motivated a further investigation of the time
course of this effect. To assess this, we measured ripple frequency

~*)butnot of epoch

in 1 min intervals during prebehavior and postbehavior rest. Re-
sults from this analysis indicated a clear decline in both young
and aged animals during postbehavior rest (Fig. 3 B, D). The de-
cline is more evident when between-session variation in mean
ripple rates is standardized via Z scores (Fig. 3D; Pearson’s
Tyoung = —0.29, Tapeq = —0.35). Although the median ripple fre-
quencies differed between young and aged rats, no difference was
observed in the slope of frequency decline across the course of
postbehavior sleep (t test, p > 0.05), indicating that the rate of
frequency decline observed during postbehavior rest was similar
for both aged and young animals.

No age-associated difference in ripple duration

Given the observation that ripple oscillatory frequency is lower in
aged animals, it is conceivable that the duration of ripples in aged
rats is longer to ensure that the number of cycles per ripple re-
mains constant across age. Analysis and comparison of ripple
duration, however, revealed no age-associated difference (p =
0.72, Wilcoxon Rank Sum test, mean young = 52.2 ms, mean
aged = 51.8 ms, n sessions young = 156, n sessions aged = 113).

Rate of ripple occurrence is reduced in aged rats

The rate of ripple occurrence during rest increases following a
new learning experience (Eschenko et al., 2008). As the reduced
frequency could have cumulative effects over the course of sleep,
we investigated the hypothesis that the rate of occurrence of rip-
ple events during rest (ripple density) is altered in aged animals.
Rate of occurrence was measured as the number of ripple events
for each 5 min window following the start of prebehavior or
postbehavior rest. Aged rats expressed a significantly reduced rate
of ripple events during postbehavior but not prebehavior rest
(Fig. 4A; prebehavior rest: p > 0.05; two-factor ANOVA, age,
time; Fig. 4B; p < 10 % ? = 0.03; n = 156 sessions young, n =
113 sessions old). It is conceivable that the reduced rate of ripple
events in aged animals was due to a decrease in sleep quality, as
has been documented (for review, see Bliwise, 1993). To address
this, measures of movement and depth of slow-wave modulation
(see Materials and Methods) were analyzed in aged and young
rats. However, we observed that aged animals actually exhibited
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Figure 3.  Ripple frequency decreases throughout rest in both age groups. A, Peak ripple
frequency remained relatively stable during the first 20 min of prebehavior rest (n young =
156, naged = 113 sessions). *p << 0.05, significant regression. B, A decline in frequency was
observed during postbehavior restinaged and young rats. €, D, To control for session-to-session
shifts in frequency, all within-session plots were Z score normalized across time. All regression
slopes were significant at p << 10 ~*, and slopes were not different between aged and young
animals (t test, p > 0.05).

significantly less movement during prebehavior and postbehav-
ior rest relative to young animals (Fig. 4C,D; p < 107%
two-factor ANOVA, age, time). Moreover, analysis of the physi-
ological quality of slow-wave sleep (/8 ratio oflocal field activity
measured during nonmovement periods) (Wierzynski et al.,
2009) revealed that aged animals had a lower 6/6 ratio during
postbehavior but not prebehavior rest (p < 10~* Kruskal-
Wallis test, post hoc test p,,,. = 0.57, po = 0.03). These observa-
tions indicate that the reduced ripple rate of occurrence and
frequency observed in aged animals is not due to reduced sleep
quality.

Ripple-triggered firing rates are similar in young and

aged animals

To begin our investigation into how age-related differences in
ripple features related to single-unit activity, firing responses of
principal cells and interneurons were aligned to the onset of high-
frequency events and the ripple-triggered responses were ana-
lyzed. Analysis of firing activity surrounding ripple oscillations,
defined as all oscillations =90 Hz, indicated that principal cells
and interneurons in aged and young animals exhibit similar
changes in firing rate during ripple events (Fig. 5A). Two-way
ANOVA (factors: age and time interval) of the log-normalized
firing activity of principal cells (Buzsaki and Mizuseki, 2014) for
the interval preceding (—400 to —200 ms before ripple onset),
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Figure4. Ripple rate of occurrence was higher during postbehavior rest, and overall move-
ment during rest epochs was greater in young rats. 4, Ripple rate following the onset of the
prerest period. A main effect was observed for time (p << 10 ~*, ANOVA, w? = 0.03), but not
age (p >0.10). B, Young animals expressed a higher ripple rate during postbehavior rest (p <
10 ~*, ANOVA, effect of age w? = 0.02). €, D, Movement in aged and young rats decreased
following rest onset during prebehavior (€) and postbehavior (D) periods. Young rats showed a
higher degree of movement during prebehavior and postbehavior rest than did aged rats (p <
10 ~* ANOVA. pre age ? = 0.19, post age «w? = 0.10). Error bars indicate SEM.

during, and after (200—400 ms following ripple offset) revealed a
small main effect of age (p < 10 >, @* = 0.001, nyoung = 3900,
n old = 1787 neurons). Post hoc analysis revealed no age
difference in the firing rates of principal cells in aged rats during
the ripple oscillation or during inter-ripple periods (p > 0.05,
Tukey—Kramer post hoc test); however, a small significant differ-
ence in rate (~0.06 Hz) was observed in periods before and after
the ripple (Fig. 5B; p < 0.05, Tukey—Kramer post hoc test). A small
but significant increase in firing rate occurred following ripples in
both aged and young rats (Fig. 5C; p < 10 ~°, t test). The same set
of analyses was performed with interneurons (Fig. 5D-F; n
young = 431, n old = 142). No main effect of age was observed
(ANOVA, p = 0.44). To summarize, although firing rates dif-
fered slightly before and after the ripple, ripple-triggered activity
in principal cells and interneurons was largely similar in aged and
young animals.

Inter-ripple variation in firing activity is reduced in aged rats

Despite raw firing rates being relatively similar, it is conceivable
that physiological changes associated with aging result in altera-
tions in the variance and precision of neuronal responses. For
example, reduced variability in a neuron’s response from ripple
to ripple would suggest that these neurons explored fewer unique
states during rest. On the other hand, increased variance in spike-
timing at short intervals (<50 ms) could reflect noninformation
bearing “noise” in the activities of CAl neurons (e.g., due to
synaptic noise). The potential effects of age on these two different
forms of variability were examined. In this section, variability in
firing rate from ripple to ripple was investigated by calculating the
Fano factor (variance/mean) for the vector of spike counts cre-
ated by counting the number of spikes occurring within each
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Figure5.

Responses of principal cells and interneurons in aged and young rats. A, Average of the perievent responses of principal cells to the onset of ripple oscillations. For each neuron, the mean

response to the ripple oscillation was averaged (neurons: n young = 3900, n old = 1787). Inset, Average waveform of principal cells. B, Mean firing rate and SEM for the —400to —200 msinterval
before ripple onset, during the ripple, the 200 — 400 ms window after ripple offset, and inter-ripple periods. Two-way ANOVA (age and interval) indicated a main effect of interval (p << 10 ~7) and
asmallmain effect ofage (p << 10 ~°, w® = 0.001). *p << 0.05, age-related differences (Tukey—Kramer post hoc test). €, The difference infiring rate before and after the oscillation was significantly
shifted to the right for young (p << 10 %, ttest) and aged rats (p < 10 ~*, ttest), indicating an increase in firing rate following ripple oscillations. D, Perievent average response of interneurons
toripple oscillations (n young = 431, nold = 142). E, Mean firing rate and SEM for interneurons as described for principal cells in B. Two-way ANOVA (age and interval) indicated a main effect of
interval (p << 10 ~7) and no effect of age (p = 0.44). F, There was no difference in interneuron firing rate before and after the oscillation (p > 0.16,  test).

ripple event for each age group. Calculated this way, the Fano
factor quantifies how reliably a given neuron fires from ripple to
ripple.

Analysis of the Fano factor revealed a clear effect of age in both
principal cells and interneurons for the preripple, during, and
postripple intervals (Fig. 6; Principal cells: two-way ANOVA, fac-
tors: age, interval, piyiera < 107 '% @? = 0.02, poe < 107'% 1
young = 3900, n old = 1787; Interneurons: main effect of
age,(p < 10 7'% and interval, p < 10 ~7; n interneurons young =
431, n old = 142). For both principal cells and interneurons,
there was a significant reduction in the Fano factor, regardless of
age, during the ripple relative to preripple and postripple periods
(p <10 ~* Tukey—Kramer post hoc test). For principal cells, there
was also an increase in the postripple relative to the preripple
interval (p < 10°).

To determine whether the magnitude of the effect was larger
in variance or firing rate (Fig. 5), we compared measures of effect
magnitude (Cohen’s d). The effect sizes for age-related changes in
variability (Fano factor; Fig. 6) were at least twice as large as effect
sizes measured between age groups for firing rate (Fig. 7). This
indicates that age exerts a greater impact on Fano factor than it
does on firing rate, suggesting that aging exerts a stronger impact
on ripple-to-ripple measures of neuronal variability than firing
rate or activity.

Age-related differences in variance of interspike interval
timing in principal cells and interneurons

Small changes in the precision of spike timing can have signif-
icant consequences for spike-timing-dependent plasticity (Bi
and Poo, 1998) and information transfer (Abeles, 1982). Al-

though age-associated effects of spike timing have been iden-
tified during sleep (Smith et al., 2000), it is unknown how age
impacts timing within ripple events. To investigate this, the
vector of ISIs was determined for each neuron, and the distri-
bution of these intervals was examined. Analysis was restricted
to ISIs that occurred during ripple events. Furthermore, neu-
rons with <20 action potentials during rest were eliminated
from the analysis. Mean ISI distributions were created by av-
eraging across principal cells and interneurons in aged and
young rats (Fig. 8).

Analysis of the distribution of ISIs of principal cells in aged
and young animals revealed clear peaks between 3 and 9 ms (in-
tervals of 333 and 111 Hz, respectively) (Fig. 8A). The mean
values of these two distributions were significantly different at
multiple points between 3 and 9 ms (p < 0.05, ANOVA, Tukey-
Kramer post hoc test). ANOVA of ISIs for intervals <10 ms re-
vealed that ISIs for aged animals were more variable than in
young animals (Fig. 84, inset; test; p < 10 ~'%, n young = 2714,
n aged = 994). Furthermore, the magnitude of bursting of
principal cells, as determined by measuring variability be-
tween adjacent interspike intervals (Local Variance) (Shino-
moto etal., 2009), revealed that bursting strength was lower in
aged animals (mean local variance young = 1.1, mean aged =
0.9, p < 0.001, t test).

The observed increase in ISI variance in individual principal
cells of aged animals could negatively impact the strength of func-
tional connections between neurons by reducing covariation of
spiking between neurons. This hypothesis was explored by exam-
ining the peaks of CCs of principal cells during ripple events (see
Materials and Methods). Correlation strength was quantified as
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Ripple-to-ripple variability of principal cells and interneurons in aged and young rats. 4, Perievent measures of variability (Fano factor) of principal cells aligned to the onset of ripple

oscillations. For each neuron, the Fano factor was averaged (n young = 3900, n old = 1787 neurons). Inset, Average waveform of the principal cells. B, Two-way ANOVA (age and interval) indicates
amain effect of interval (P, yene << 10 ™) and a main effect of age (p,,. < 10 ~"°, @ = 0.02). *p < 0.05, age-related differences (Tukey—Kramer post hoc test). €, To determine whether
variance changed following ripple oscillations, the difference in Fano factor before and after the oscillation was averaged across neurons. The distribution of differences was significantly shifted to
the right for young (p << 10 ~7, ttest) and aged rats (p << 10 ~, t test), indicating an increase in variance following ripple oscillations. There was no effect of age (p = 0.08, t test). D, Perievent
average of the Fano factor for interneurons (n young = 431, n old = 142). E, As in B. Two-way ANOVA (age and interval) indicated a main effect of interval (p << 10 ~7) and a main effect of age
(p <107, w? = 0.03). F, The distribution of differences was not significantly shifted for young or aged rats (p > 0.05, t test).
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Figure 7.  Effect sizes for rate and Fano factor. Larger effect sizes were observed for Fano

factor relative to firing rate for principal cells. Comparison of effect sizes (Cohen’s d) between
age groups was made for each interval (see Figs. 5B, 6B). Cohen’s d for Fano factor was at least
twice as large for all age comparisons.

the peak height of the cross-correlogram after subtracting an
ISI-shuffled control CCs. The peak-aligned CCs for aged and
young animals are presented in Figure 8B, and analysis of the
peak height revealed that the peak was reduced in aged animals

(Fig. 8B, inset; p < 0.001, t test, n young = 139 sessions, n aged =
75 sessions, Cohen’s d = 0.41).

The analysis of interspike interval variance was also per-
formed on interneurons. In contrast to principal cells, the Fano
factor was lower for interneurons in aged rats than in young rats
(Fig. 8C, inset; t test, p < 0.03). This difference could potentially
be explained by the considerable heterogeneity in the types of
chemically and functionally distinct interneurons in the hip-
pocampus (Freund and Buzséki, 1996; Somogyi and Klausberger,
2005). Given that the sample size of interneurons was substan-
tially smaller than principal cells, the difference in effect could
be a result of oversampling of a unique subpopulation of
interneurons.

Principal cells in aged animals respond to a narrower range of
phases of the ripple oscillation

Given our observation that aging alters the precision of the re-
sponse of neurons to ripple events, we also investigated whether
aging alters the precision by which neurons respond to specific
phases of the ripple oscillation. Previous reports (Buzsaki et al.,
1992) and our own data (Fig. 9 A, B) confirm that action poten-
tials of phase-locked principal cells occur near the trough of the
ripple oscillation. We also observed that neurons in aged rats
fired at later phases (closer to the trough) relative to young ani-
mals (Fig. 9C; circular median test; p < 10 ~°). Examination of
the distribution of the preferred phase of each neuron (Fig. 9B),
measured using the circular mean, indicated that principal cells
in aged animals were tuned to a more restricted range of phases
relative to principal cells in young rats. This was confirmed by
calculating the spread of the distribution of preferred phases
within each session and then averaging across sessions (Fig.
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(see Materials and Methods). Inset, The peak coincidence rate of the CCs was lower in aged animals (p << 0.001, ¢ test, n young = 139 sessions, n aged = 75 sessions, Cohen’sd = 0.41). , Same
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Figure9. Principal cellsinaged rats respond to a narrower range of phases of the ripple oscillation and are active closer to the trough of the oscillation. 4, Top, Mean spike-triggered average of the local field
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9D; circular median test, p < 10 73, n sessions young 173, n
sessions old 111). Although neurons in aged rats were tuned to
a more limited range of phases, the strength of phase-locking
in the aged rats was lower than in young animals. Specifically,

the magnitude of phase-locking (measured as Rayleigh z) was
lower in aged rats (Fig. 9E; p < 0.05, Cohen’s d = 0.08, n young
2727, n aged 1245). This result is consistent with the increased
variability of ISIs of principal cells observed in aged rats (Fig.
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Figure 10.  Reduced rate of ripple events in aged animals contributes to reduced reac-
tivation strength. A, Cell-pair reactivation was greater in young rats (Cohen’s d = 0.33, ¢
test, n = 151 sessions young, n = 85 sessions aged). *p << 0.001. B, To assess whether
this difference could be due to the reduced ripple rate observed in aged rats, the total
ripple time per rest epoch was held constant (12 ). Differences between aged and young
animals were not significant (p = 0.16) afterimposing this restriction. (, Scatter plot and
least-squares regression of the change in ripple occurrence rate from PRE to POST behavior
sleep against reactivation strength. A significant positive relationship was observed for
aged (p < 0.001) but not young rats (p = 0.09). The increase in the ripple occurrence
rate in postbehavior sleep was significantly larger in young relative to aged animals (p <
0.001, ¢ test, mean aged = 0.080, mean young = —0.009).

8) as measures of phase-locking are reduced by increased vari-
ance in interspike timing.

Reduced memory-trace reactivation in aged rats may result
from a decrease in ripple events

The reactivation of patterns of single-unit activity related to re-
cent experience during postbehavior rest are likely to contribute
to memory consolidation (Pavlides and Winson, 1989; Wilson
and McNaughton, 1994; Born and Wilhelm, 2012). We used the
partial correlation measure of reactivation (Kudrimoti et al.,
1999) to evaluate the extent to which the pattern of cell-pair
correlations identified during behavior is similar to the pattern
observed during postbehavior rest (see Materials and Methods).
Reactivation was larger in sessions from young rats (Fig. 104; p <
0.001, Cohen’s d = 0.33, t test, n = 151 sessions young, n = 85
sessions aged). To determine whether this difference was due to
the reduced rate of occurrence of ripples observed in aged rats
(Fig. 4), the analysis was repeated, but the time spent during sleep
was held constant. This was accomplished by restricting the anal-
ysis to the first 12 s of accumulated ripple time (this corresponds
to ~230 ripples in each rest epoch for both age groups). This
restriction eliminated the age-related difference in reactivation
(Fig. 10B; p = 0.16), suggesting that the reduced number of ripple

Wiegand et al. ® Aging Reduces Ripple Frequency and Neural Variance

events in aged animals contributes to the decreased level of
reactivation.

Discussion

The main novel findings in the present experiment are that, dur-
ing rest, the CA1 region of aged rats shows (1) reduced occur-
rence of ripple events, (2) a 14 Hz reduction in the frequency of
the ripple oscillation itself, and (3) altered patterns of variability
and functional connectivity. One consequence of these changes
could be to impact the effectiveness of memory consolidation.

Rate of occurrence of ripple events is reduced during
postbehavior rest in aged animals

Aged animals expressed a notable reduction in the rate of occur-
rence of high-frequency events during postbehavior but not pre-
behavior rest (Fig. 4). This is the first report of such changes, and
these observations complement reports of age-related alterations
in neocortical slow waves (0.8 Hz) and spindles (12-14 Hz), two
oscillatory patterns associated with learning (for review, see
Molle et al., 2009). For example, corticothalamic spindle density,
amplitude, and duration are reduced in aged human subjects
(Principe and Smith, 1982; Guazzelli et al., 1986; Wei et al., 1999;
Nicolas et al., 2001; Crowley et al., 2002). Furthermore, because
ripple generation depends on the depolarization of a small num-
ber of CA1 pyramidal cells (Stark et al., 2014), the age-related
reduction in ripple events may result from the known weaker
CA3 input onto CAl pyramidal cells of aged animals (Barnes et
al., 1992). An age-related reduction in the number of ripples in
postbehavior but not prebehavior rest is consistent with our ob-
servation of weaker reactivation in aged animals (Fig. 10) and
with the idea that the number of times a pattern is reactivated is
important for the consolidation process.

Ripple frequency is reduced in aged animals

Aged rats also expressed a notable 14 Hz reduction in the peak
frequency of ripple events relative to young animals (Fig. 2). Two
separate studies suggest that the strength of CA3 input onto CAl
pyramidal cells is critical in regulating ripple frequency. First,
Sullivan et al., (2011) used simultaneous CA3 and CA1 record-
ings to determine the correlation between power of CA3 popula-
tion bursts and the frequency of the resulting high-frequency
events in CAl. Their results showed a positive correlation indi-
cating that the stronger CA3 input results in increased CA1 ripple
frequency (Sullivan et al., 2011). Second, knockout of CA3 inner-
vation to CAl in CA3-TeTX mice results in reduced ripple fre-
quency in CA1 and deficits in the consolidation of contextual fear
memory (Nakashiba et al., 2009). In the present study, the ob-
served decrease in CALl ripple frequency may therefore result
from the known reduction in functional synaptic innervation of
CA1 from CA3 in aging (Barnes et al., 1992).

One possible consequence of the generalized reduction in os-
cillatory frequency observed in aged animals could be a reduction
of the efficacy of STDP (Bi and Poo, 1998). STDP requires that
the temporal delay between presynaptic and postsynaptic activa-
tion be on the order of 10—15 ms. Because the activity of neurons
during ripple oscillations is phase-locked near the trough of the
ripple (Buzséki et al., 1992), a 14 Hz reduction in frequency from,
for example, 146 Hz (cycle time = 6.8 ms) to 132 Hz (cycle
time = 7.6 ms) would result in an average increase of 0.8 ms
between spiking events occurring on consecutive cycles. Al-
though this difference may appear to be small, small changes in
spike timing can have large effects on plasticity given the expo-
nential decay of the STDP curve. Given the importance of
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multiple short-latency coincident events in the process of
memory-trace reactivation (O’Neill et al., 2008), the cumulative
impact of reduced plasticity during high-frequency events could
significantly affect the reliability of memory stabilization in ag-
ing. This idea is at least consistent with our observation of re-
duced reactivation in aged animals (Fig. 10). Thus, an age-related
reduction in ripple occurrence, oscillatory frequency, and in-
creased variability in interspike intervals (Fig. 8) may act syner-
gistically to reduce the efficacy of consolidation.

Differences in phase-coupling to ripple oscillations in aged
and young animals

Hippocampal interneurons and principal cells are most active
near the trough of the ripple oscillation (Buzséki et al., 1992), and
individual neurons express tuning to specific phases around the
trough (e.g., Fig. 9). The selective response of neurons to the
phase of the ripple may facilitate the ordered segmentation of cell
assemblies during a sharp-wave ripple event (e.g., Davidson et al.,
2009; Wu and Foster, 2014). An age-associated alteration in
phase coupling or phase coding could therefore interfere with
segregation of cell assemblies during ripple oscillations and im-
pact memory encoding or retrieval. For example, the more lim-
ited range of phases in aged animals could indicate a reduced
capacity for information encoding and storage.

Normal aging is associated with decreased ripple-to-ripple
firing-rate variability and increased short-latency interspike
interval variance

The observation of a narrower distribution of preferred firing
phase in aged rats could result from decreased variability in
single-unit firing. Such changes could be important given the
many ways variability may impact neuronal computation (Bura-
casetal., 1998; Ermentrout et al., 2008; Faisal et al., 2008; Tiesinga
etal.,, 2008), even if overall mean firing rates are similar in young
and old animals, as is the case in CA1 (Fig. 5) (Smith et al., 2000).
No experiment, to our knowledge, has studied the impact of
normal aging on neuronal variability during ripple events in the
hippocampus. We assessed two types of variability: variance in
firing rate from ripple to ripple and variance in the interspike
interval within a ripple. Analysis of ripple-to-ripple variability
revealed that principal cells and interneurons responded more
reliably in young animals (Fig. 6). This observation is consistent
with the possibility that populations of CAl neurons activate
fewer unique neuronal ensembles in old rats through the course
of sleep. With regard to mechanism, the observed reduction in
ripple-to-ripple variance could result from physiological changes
known to accompany aging. For example, age is associated with
an increase in the proportion of silent synapses in CA1 (Barnes et
al., 1992). Fewer functional synapses could effectively reduce the
range of inputs, and thus reduce the variance of firing activity
triggered by CA3.

In our second analysis, we examined the variance of interspike
intervals within each ripple event. This analysis revealed that
principal cells in aged animals express increased ISI variability for
short interspike intervals <10 ms (Fig. 8). Neurons in aged ani-
mals also had lower burst activity relative to young animals. This
contrasts with results from Smith et al. (2000) who reported an
increase in burst-activity when bursting was measured as the
skewness of the ISI distribution. Possible explanations for this
apparent discrepancy are that the Smith et al. (2000) study: (1)
did not separate ripple from inter-ripple periods; (2) used differ-
ent behavioral tasks that did not involve associative learning; and
(3) quantified bursting differently; we used the local-variance
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measure (Shinomoto et al., 2009), and Smith et al. (2000) used
the skewness of the ISI distribution.

To investigate the potential impact of increased ISI variance
on between-neuron interactions, we analyzed cell-pair cross-
correlations between principal cells in aged and young animals.
This analysis revealed that the peak cross-correlation height was
lower in aged animals (Fig. 8B), suggesting that increased ISI
variance may contribute to weaker interactions between neurons.
These results could be important as alterations in the precision of
firing at intervals <20 ms could impact spike-timing-dependent
plasticity and synaptic integration.

The present results relate to previous investigations of age-
related changes in reactivation during rest. For example, our ob-
servation of reduced cross-correlation strength in aged rats could
provide an explanation for the age-related reduction in sequence
reactivation reported by Gerrard et al. (2008). Specifically, the
temporal bias measure used by Gerrard et al. (2008) uses cross-
correlograms to determine whether behavior-associated se-
quences are preserved during rest. Any decrease in the precision
of spike-timing would reduce this measure. In another study,
Gerrard et al. (2001) reported reduced reactivation in aged ani-
mals when the animals were exposed to novel but not familiar
environments. In contrast to this observation, we did identify an
age-related reduction in reactivation on a familiar task; however,
our task involved a novel spatial-eyeblink associative learning
component, whereas the familiar maze used by Gerrard et al.
(2001) did not.

In conclusion, our analysis identified multiple features of the
ripple oscillation and ripple-associated activity that change with
age. An important challenge is determining whether these effects
contribute to age-associated memory impairment, or, instead,
whether they represent homeostatic processes that help the hip-
pocampus compensate for the myriad physiological changes that
accompany normal aging. In this regard, we observed an
age-associated reduction in functional connectivity and in
memory-trace reactivation. Reductions in correlated activity and
reactivation have previously been associated with reduced mem-
ory performance on spatial-learning tests (Dupret et al., 2010).
Consequently, age-associated declines in spike-timing precision
may contribute to memory decline. The existing literature is less
clear regarding the specific role of features, such as spike-phase
coupling and Fano factor on learning and memory, but the data
presented here suggest promising new avenues for investigating
how aging alters network computations.
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