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Abstract 

  

Current understanding within the field of neuroscience regarding why the 

brain requires significant periods of sleep rests upon the existence of extremely 

stereotypical patterns of oscillatory neural activity found in almost all mammals. 

Within these characteristic patterns of wide-scale neural activity occurs cross-

regional synchronization of oscillations of various frequencies and this coupling is 

fundamental to the process of memory consolidation. Specifically, high-frequency 

oscillations, or ripples, in the hippocampal formation are required for the 

conversion of short-term to long-term memory. These ripples couple to two 

slower oscillations found in the cortex, delta waves and spindles. The author 

describes here his contributions to the field of memory consolidation showing that 

hippocampal ripples in aged rats are of decreased frequency during sleep but not 

during wake. In addition, it is well documented that with age, behavioral and 

neural sleep parameters decrease while the incidence of neurodegenerative 

diseases increases. The author will discuss unpublished findings of behavioral 

sleep disturbances and changes in cortical sleep oscillations preceding motor 

impairment in a LRRK2 mouse model of Parkinson’s disease (PD), and explore 

herein putative links between age-related changes in neural oscillations and the 

predilection towards neurodegeneration.  

  

Scientific Highlights: 

-Memory deficits and sleep impairments accompany healthy aging 

-Memory consolidation relies on the hippocampal ripple during sleep 

-Hippocampal ripples slow with age, but only in sleep 

-In a PD model, sleep parameters are impaired prior to neurodegeneration 

-Therefore, age may lead to neurodegeneration because of sleep impairments 
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Organization of the Chapters 

 

Chapter One describes the origin of neural oscillations and how they are 

theorized to arise from coordinated, synchronized neuronal spiking of large 

populations as well as the resulting ephaptic coupling to the surrounding 

extracellular medium. It goes on to hypothesize on the influence that these 

oscillations may have on the spiking of nearby neurons as well as how their 

appearance during development, namely retinal bursts of slow-waves and spindle-

like oscillations in motor cortex, might dictate neural connectivity. The effect that 

the extra-cellular medium has on singular action potentials is discussed as an 

important part of the memory transfer and consolidation process.  

Chapter Two focuses on the natural course of brain aging. While oxidative 

stress and buildup of metabolic byproducts have consistently been shown to exert 

detrimental effects, there also exist a number of functional, compensatory 

anatomical changes in healthy aging. How these age-associated changes interplay 

with previously described oscillations are discussed at length here, focusing 

largely on age-related differences in hippocampal ripple oscillations. This chapter 

centers around the author’s key finding of decreased hippocampal ripple 

frequency in aged compared to young rats. This finding will be juxtaposed against 

the null finding in waking ripple frequency, in the same animals. The idea that 

memory consolidation via sleep ripples, but not necessarily memory formation or 

recall during waking ripples, is particularly impaired in aged animals will be 

discussed. 
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Chapter Three delves into sleep, its stages and their suggested functions. 

Memory function has been key to current sleep theory but lately strong evidence 

has been presented suggesting that sleep serves a neuroprotective and 

immunoregulatory role as well. How memory-related functions fit into this 

schema, whether aiding in or exacerbating the clearance of metabolic byproducts, 

are discussed. A review of how dyssomnias (hypersomnia, insomnia, sleep 

fragmentation, REM sleep without atonia) disrupt the proposed functions of sleep 

and possibly contribute to the emergence of neurodegenerative diseases naturally 

follows. How the effects of sleep disturbances interact with age-associated 

changes in neural sleep oscillations to predispose the brain to neurodegenerative 

disorders will be explored. This is largely based on the finding that behavioral 

sleep changes are observed far in advance of documented motor impairment and 

even substantia nigra cell death in a transgenic mouse model of Parkinson’s 

disease. Evidence is described here suggesting that sleep disturbances may entrain 

changes in power spectral densities, or the delicate balance of oscillations within 

the brain, and how this may relate to the progression of Parkinson’s Disease.   

Finally, Chapter Four goes on to expound on future directions based off of 

these findings and hypotheses. The first section speaks on potential 

pharmacological targets to address features of the hippocampal ripple and general 

sleep impairments seen in the described mouse model of Parkinson’s Disease. The 

second part delves into the often controversial topic of preplay and discusses its 

potential for setting the stage for memory consolidation and subsequent ripple-

related memory decline. The conclusion of this work touches on neuroprosthetics 
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and where this research may fit into the field of neuroscience not currently, but in 

the next 50-100 years.  
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Chapter One: Introduction 

Ia. Neural oscillations and ephaptic coupling 

 

 In 1931 Hans Berger recorded and later described what is now known as 

the alpha rhythm, an oscillation of electrical activity with an 8-13Hz periodicity 

(Berger, 1931). This was the first time organized neural activity had been seen 

and was highly doubted. It would later be found to be induced by eye-closure, and 

was most pronounced in over visual cortex (Li and Chung, 2014).  

Some years later, Hodgkin and Huxley recorded single neuron action 

potentials from squid axons (Hodgkin and Huxley, 1945). It was elegantly shown 

through an iconic series of experiments that the initial depolarization and resultant 

spiking of these neurons was entirely dependent on the selective permeability of 

ion channels embedded within the neuronal membrane and the relative ion 

concentrations inside and outside the cell (Hodgkin and Huxley, 1952a, 1952b). 

From these discoveries came an important axiom that would be passed on in 

every basic neuroscience class: that action potentials are “all-or-nothing.” The 

meaning of this was that a neuron either received enough depolarizing input to 

cross a given threshold and trigger further depolarization via ion channels in the 

axon hillock.  

However, the Izhikevich neuron changed this idea of an “all-or-nothing” 

action potential (Izhikevich, 2001, 2003). Hidden in Hodgkin and Huxley’s 

findings was quite the interesting result with little explanation: neurons appeared 

to favor periodic stimulation of various frequencies, in that one might 

preferentially fire with a 5 Hz stimulation while another might prefer 9Hz. This 
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was suggestive of single-cell sub-threshold oscillations and accordingly, lent itself 

better to a dynamical systems model wherein the membrane potential was 

constantly modulated in an oscillatory pattern rather than remaining at 

equilibrium whenever not expressly firing.  

These oscillations are more often than not recorded extracellularly and are 

as such, reflections of the extracellular medium. While one neuron firing appears 

to affect nearby ones in what has been dubbed ephaptic coupling (Anastassiou and 

Koch, 2015; Anastassiou et al., 2011; Katz and Schmitt, 1940), does our 

knowledge of single cell firing support this or are the 2 nearby neurons simply 

receiving a fraction of the same input? If 2 neurons are nearby, and one 

experiences enough sodium input to depolarize, that would mean that the nearby 

cell actually has less extracellular sodium with which to depolarize at its disposal 

(Anastassiou et al., 2010; Bokil et al., 2001; Hrg, 2013; Jefferys, 1995; Korn and 

Axelrad, 1980; Lin and Keener, 2010; Radman et al., 2007; Van der Goes van 

Naters, 2013). Of course, this effect is dependent upon these neurons not having 

reciprocal connections - if they did, then one firing would increase the probability 

of another firing. In this way, one neuron firing actually reduces the probability of 

nearby ones firing, mirroring to some extent, lateral inhibition by way of local 

inhibitory interneurons (originally found in the limulus of the crab (Hartline et al., 

1956; Tomita, 1958)). With this deduction, neural oscillations can only induce 

spikes in neurons that are connected - all others will have a reduced likelihood of 

firing. In this way, the concept of subpopulations of neurons can be easily 

conceived:  any oscillatory activity must inherently represent a connected 
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population of cells. Moreover, as Fourier analysis tells us, almost never within the 

brain is there a singular oscillation - phase-coupling between two oscillations then 

tells us that the connections between two subpopulations of neurons is being 

strengthened, with the directionality determined by the phase-angle of these 

oscillations.   

Further, as faster oscillations do not appear to travel as far (Odabaee et al., 

2013), the phase-coupling of a lower to higher frequency oscillation is therefore 

indicative of a subpopulation forming connections with and being effectively 

integrated into a larger one (e.g., theta-gamma coupling (Lisman and Jensen, 

2013)). A subsequent logical assumption then, would be that unless certain 

frequency oscillations are not found to occur at the same time (such as high 

gamma and ripple oscillations (Sullivan et al., 2011a)) then they must be 

comprised of distinct but not necessarily separate (orthogonal) populations; these 

populations must subsequently consist of both excitatory and inhibitory neurons.  

Some of the most interesting cases of oscillatory behavior are those that 

occur during development. Two shall be highlighted here: neocortical spindle-like 

burst activity found in rat pups and the case of retinal burst waves. Both are 

coordinated patterns of neural activity resulting in clear oscillations that are 

hypothesized to support the development of spatial connectivity among existing 

neurons. These examples might help explain how the brain might initially take 

advantage of synchronous activity to organize both structure and information; 

essentially, how the brain utilizes oscillations to dictate anatomy.    
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While geneticists might make the argument that each neuron possesses a 

unique fate (Kankel and Hall, 1976) and that fate should, to a certain extent, 

dictate the types of connections it makes and the information it receives, the 

question still arises as to how does the motor or somatosensory cortex even begin 

to accurately represent muscle activity and coordination? Each muscle, connected 

by neuromuscular junction to a particular dermatome and vertebrae, receives 

input from and feeds into the spinal cord going into the motor and somatosensory 

cortex, respectively. However, coordinating the movement of these muscles with 

neural activity is like trying out an Xbox or Playstation controller for the first time 

in a game. In order to figure out how to operate within the world, or in this 

analogy, the game, it is not uncommon to try each button first and form initial 

correlations with in-game activity as to what each button does. In first-person 

shooter games (FPS), this can often be as simple as one button directly 

corresponds to a single action. However, in fighting games, combinations of 

directional joystick movements with several other buttons can often result in 

something completely different.   

This is not unlike the problem that the brain faces in its infancy. 

Subjective reports of motherhood as well as ultrasound examinations describe 

fetal twitches, kicks, and shifting movements (Altini et al., 2016; Hantoushzadeh 

et al., 2015; Linde et al., 2016). There is evidence that various stimuli do reach the 

fetus while still in the womb, namely from work in the developing visual cortex in 

ferrets showing that line- and direction-encoding complex cells are already in 

place before the ferret pups even open their eyes (Popović et al., 2018; Van 
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Hooser et al., 2014). However, according to (Khazipov et al., 2004), it would 

appear that these fetal twitches are generated spontaneously in the periphery by 

muscles, generating large spindle-like bursts over motor and somatosensory 

cortex. Recent research has questioned why these twitch-related bursts do not 

persist into adulthood and whether cortical sleep spindles are the adult analogue 

of fetal twitches; if so, they might contribute to the calibration, maintenance, and 

repair of sensorimotor systems (Tiriac and Blumberg, 2016).  

Retinal bursts occur even earlier in development and consist of 

spontaneous bursts of action potentials that propagate along the developing retina 

(Shen and Colonnese, 2016). These traveling waves occur even before proper 

photoreceptor maturation and are due mainly to the action of amacrine star cells. 

While there has been a lot of discussion regarding how these slow oscillations 

might potentially induce self-organizing neuronal maps, interestingly Colonnese 

et al., 2017 showed that neural firing in mouse visual cortex during these 

spontaneous retinal waves do not necessarily drive hyper-synchronous activity 

within visual cortical columns. Instead, retinal waves, much like spindle bursts, 

allow for temporal windows of neural activation during which neural rewiring 

may result and ultimately, adult-like correlation patterns may be achieved.  

This concept of temporal windows of activation is not a new one (Harris et 

al., 2003; Mizuseki et al., 2009) and suggests that population level dynamics play 

to a well-known synaptic mechanisms: spike-timing dependent plasticity (STDP) 

(Bi and Poo, 1998). The authors of this 1998 paper investigated synaptic spike 

timing-dependent plasticity and how it modulated long-term potentiation and 
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depression of glutamatergic synapses with correlated spiking of presynaptic and 

postsynaptic neurons, finding that the relative timing between the spiking 

determined the direction and extent of synaptic changes. Repetitive postsynaptic 

spiking within a window of 20ms after presynaptic activation led to long-term 

potentiation (LTP), or strengthening of a single synaptic connection between 

neurons, while 20ms before the repetitive presynaptic activation resulted in long-

term depression (LTD), a decrease in synaptic strength. Furthermore, they found 

that the synapses' susceptibility to potentiation strongly depended on their initial 

strength, with significant potentiation seen only in synapses with initial 

amplitudes of evoked synaptic currents <500 pA, and that glutamatergic synapses 

made onto GABAergic neurons were not susceptible to change by the correlated 

pre- and postsynaptic activity. These findings suggest that target cell-specific 

mechanisms are involved in the induction of synaptic changes. It is noted that the 

cellular basis that underlies the critical window for the induction of synaptic 

modifications remains to be determined, though NMDA receptor’s role in 

potentiation and depression points to the elevation of cytosolic Ca2+. The authors 

of this paper boldly suggest the incorporation of a quantitative consideration of 

spike timing that reflects the narrow and asymmetric window for the induction of 

synaptic modification, and currently 50 papers have thus focused on spike timing-

dependent plasticity and propagated this idea.  

STDP and the relationship between the timing of pre- and post-synaptic 

action potentials is a powerful tool with which to better understand large-scale 

views of neural firing. Neural oscillations as measured by EEG or depth 
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electrodes have been decisively shown to exhibit 1/f power law distributions of 

power by frequency (via EEG, ECoG, and more recently, MEG (He, 2014; 

Penttonen and Buzsáki, 2003)). Accordingly then, the distance that a given 

frequency can travel in half a cycle (such that the entire subpopulation depolarizes 

and hyperpolarizes synchronously) will dictate both the size of that neuronal 

population and the available temporal windows of neuronal integration. 

Furthermore, each subpopulation’s functional connections must be such that 

integration constants do not exceed that of STDP. In other words, the most ideal 

frequency for a traveling oscillation to predispose two connected neurons to fire 

within this window of 20 ms (maximum) is 50 Hz or greater. This of course 

assumes that said neurons are relatively nearby – should they be further apart, 

such as a neuron in neocortex and another in the hippocampus, then the ideal 

frequency is adjusted based off of the speed of such an oscillation. While 

calculations of traveling waves are beyond the scope of this work, the assumption 

that, if oscillations are to be utilized to their greatest extent by the brain via spike-

phase coupling, then the 1/f power law distribution of the most dominant 

frequencies must then be a factor of the speed of propagation of a neural wave. It 

is also important to note that any change to an oscillation’s frequency, such as that 

which might occur with age, will inherently alter subpopulation sizes while 

amplitude changes will affect functional strength.  

Ib. Aging and neurodegeneration  

There is no singular cause of the aging process or neurodegeneration. It is 

imperative for research within these fields to keep in mind that the human brain is 
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a complex structure with certain hierarchical characteristics, not unlike a 

democratic society: there are many interchangeable, redundant parts and while 

they may be arranged in a particular order, that does not necessarily mean that the 

loss of a single cell causes the whole system to fall apart. Indeed, despite 

demonstrative claims as to single-cell response specificity, failure to find the so-

called “grandmother” cells have led instead to the idea that memories are encoded 

into patterns of activity within small neuronal ensembles called engrams (Quiroga 

et al., 2013).  

Unfortunately, the phrase “disease” often has the connotation that there is 

an agent of disaster behind the neural failings of memory loss in age-related 

memory deficits or tremors in PD. While many studies have attempted to pinpoint 

such a factor, none have been able to isolate any single cause for a given 

neurodegenerative disease. Instead, these disorders can be more easily paralleled 

as targeting the hinges of a door with a battering ram, or attacking officers in a 

war, or destroying the Death Star by hitting a target no bigger than a womp rat. 

There are weak or vital parts to any structure and inevitable compensatory 

changes in processes, voluntary or otherwise, in response to damage or failings. 

These changes can be singular or widespread: a battered door shifting its weight, 

the next officer in rank immediately taking over, or simply building another Death 

Star. Though most doors are similar in both form and function, most officers 

receive similar training, and all Death Stars resemble small moons, this does not 

necessarily mean that each falls prey to these vulnerabilities at the same time or 

way. In this same way, it is imperative to view each change in the human brain 
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that accompanies disease or development such as, plaque buildup, hippocampal 

ripple slowing in aging, and sleep disturbances in Parkinson’s disease as a risk 

factor that contributes to the crossing of a threshold, after which natural 

compensatory processes are no longer sufficient to buffer symptoms of the 

disease. 

These principles are no more apparent than in the aging process. While 

there are many theories of aging (programmed longevity, autoimmune, free 

radical, mitochondrial, telomere, cross-linking; these will be further covered in 

Chapter Three), in the face of neural oxidative stress and progressive perceptual 

degeneration, there are inevitable effects of time that ultimately result in cognitive 

decline (Weinert and Timiras, 2003). Normal aging is associated with a reduced 

capacity to consolidate and recall episodic memories (Gui et al., 2017; Houston et 

al., 1999). The neuronal basis for this decline is unknown but the consolidation of 

episodic memory is believed to depend on the precise coordination of networks of 

neurons in the hippocampus and neocortex. Aged animals express a notable 

reduction in the rate of occurrence of hippocampal ripple events during sleep as 

well as oscillatory frequency (Wiegand et al., 2016a). Aged human subjects 

exhibit similar decreases in cortico-thalamic spindle density, amplitude, and 

duration (Crowley et al., 2002a; Guazzelli et al., 1986a; Nicolas et al., 2001a; 

Peters et al., 2014; Principe and Smith, 1982a; Wei et al., 1999a). At the same 

time, region-specific changes occur in both connections (Samson and Barnes, 

2013) and neuromodulators (Hemby et al., 2003; Karrer et al., 2017). Though 

there is no causative evidence between slower and fewer hippocampal ripples and 
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behavioral outcomes, the occurrence of these oscillatory processes have been tied 

to memory consolidation during sleep (Girardeau et al., 2009).  

 Some of the biggest behavioral changes that occur with age are found in 

sleep. Total sleep time, sleep efficiency, percentage of slow-wave sleep, 

percentage of REM sleep, and REM latency are all significantly negatively 

correlated with age, while sleep latency, percentage of stage 1 and 2 sleep, and 

wake after sleep onset are all positively correlated (Ohayon et al., 2004). Despite 

typically spending a third of our lives asleep, we have relatively little 

understanding of sleep function and how inadequate or impaired sleep affects 

countless other processes. The link between sleep and neurodegenerative disease 

is becoming more clear with each new study that comes out (Anderson and 

Bradley, 2013; Macedo et al., 2017). It does not appear to be a coincidence that 

age is the biggest risk-factor for the development of neurodegeneration such as 

Parkinson’s Disease (Niccoli and Partridge, 2012; Reeve et al., 2014).  

Parkinson’s disease (PD) is a complex, debilitating neurodegenerative 

disorder. First characterized in 1886, PD currently affects an estimated 10 million 

worldwide (Pringsheim et al., 2014). PD attacks dopaminergic neurons in the 

substantia nigra on several fronts. With their unusual reliance on L-type calcium 

channels, these cells are especially vulnerable to glutamate excitotoxicity (Chan et 

al., 2007). Moreover, PD is characterized by a buildup of the cytotoxic metabolic 

byproduct, alpha-synuclein. Ultimately, these cells die off, resulting in a lack of 

dopaminergic signaling and manifesting behaviorally as tremors and limb rigidity. 

Even before classic symptomatic onset however, sleep disorders, such as 
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hypersomnia (Salawu and Olokoba, 2015), excessive daytime sleepiness, and 

RBD, are common (G Poryazova and I Zachariev, 2005; Kumar et al., 2002a; 

Videnovic and Comella, 2011).  

Clearance of metabolic byproducts, particularly beta-amyloid, out of the 

brain is regulated by changes in interstitial space during slow-wave sleep (Xie et 

al., 2013a). Further studies have suggested that this clearance may not be 

restricted to beta-amyloid as protein clearance mechanisms are also affected in 

PD and Lewy body dementia (Deleidi and Maetzler, 2012; Fang et al., 2017). In 

light of this finding, sleep might clearly be seen as a beneficial process, 

potentially clearing out neural waste products. Curiously however, this metabolic 

clearance slows directly following thalamic neural activity (Shi et al., 2015). 

Given that reliance of cortical sleep spindles on synchronized thalamic activity, 

these memory consolidation-related oscillatory events would correlate with a 

decrease in waste clearance. This would suggest that neural activity during sleep, 

while shown to be linked to memory consolidation, is, to an extent, detrimental in 

some domains.  

These findings suggest that not only is sleep a trade-off, memory 

consolidation for the eventual buildup of cytotoxic elements, but is also a delicate 

balance. Thus, though not the express purpose of this dissertation, this work 

ultimately appears to suggest that these diseases are vicious cycles: 

neurodegenerative diseases disrupt sleep and disrupted sleep promotes 

neurodegenerative diseases.  
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Ultimately, whether age-related changes in sleep oscillations are an 

unfortunate result of aging or compensations for other declines, it is undeniable 

that they exist. As age is correlated with an increased incidence of 

neurodegenerative diseases and some of the biggest neural changes that occur 

with age are with sleep, the idea that changes in oscillatory sleep activity have 

ripple effects on participating and connected neural systems will be explored. 

More specifically, two main findings will be focused on within this dissertation: 

1) that hippocampal ripples occur less and have a lower oscillatory frequency in 

aged animals and 2) sleep disturbances precede motor impairment in a mouse 

model of LRRK2 Parkinson’s disease.  
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Chapter Two: Aging and Hippocampal Ripples 

 

There are numerous theories of aging regarding not only the specifics of 

how the process occurs, but the ever intangible question of why. This latter issue 

is intriguing in that evolution does suggest relatively shorter lifespans as 

advantageous to the species. While immortality might be conceived of as not 

entirely detrimental to the individual, the continuous use of environmental 

resources could be harmful to nearby conspecifics. On the other hand, increased 

duration of fertility would further skew a population toward the genetic makeup 

of those that reproduced the most (Kirkwood and Austad, 2000). These ideas are 

largely embodied in the theory of “programmed longevity.” Programmed 

longevity suggests that as there is a corresponding evolutionary price to living 

beyond a certain age, species have evolved processes to intentionally induce 

senescence and limit their lifespan.  

IIa. Age-related changes in sensation and perception 

One of the more controversial features of aging research is that while 

sensory changes are very evident in aged animals (Monge and Madden, 2016), 

most cognitive aging research tends to rely on behavioral tests to ensure that any 

degradation in sensory systems isn’t enough to affect neural outcomes. However, 

these tests are inherently flawed – even extremely subtle changes in perception, 

let alone actual sensory mechanisms, are enough to change both neural outcomes 

for the current test as well as future ones (Cousins et al., 2014; Piquado et al., 

2010). Indeed, as perception becomes harder and harder to distinguish, neural 

energy and resources are recruited from other nearby areas (Morrison et al., 2018) 
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and more effort must be put into higher level functions further processing the 

sensory information (Miller and Wingfield, 2010).  

Given the numerous age-related changes in sleep, one must ask if there are 

age-related reductions in zeitgeber detection and thus circadian rhythms? While 

there is evidence that light exposure results in the same phase delays in both 

young and old adults, the magnitude of phase delays are correlated with sleep 

offset and phase angle in older but not younger subjects (Benloucif et al., 2006). 

There are a number of findings suggesting that not only are there age-related 

disruptions in circadian rhythms but that more tangibly, neural activity is reduced 

in both the suprachiasmatic nucleus (SCn) but also the subparaventricular zone, 

one of the main outputs of the SCN (Chen et al., 2016a; Costa et al., 2017; Oster 

et al., 2003; Tahara et al., 2017); notably however, similar studies measuring 

PER2 expression, a major clock gene, show only minor deficits with aging 

(Nakamura et al., 2011). A significant counterpoint is that despite studies finding 

decreased circadian output, it would appear that stress-response genes kick into 

high gear with age (Kuintzle et al., 2017). Thus while there appears to not be a 

decreased response to zeitgebers with age, neural activity within the SCN is 

decreased and may be more sensitive to changes, likely affecting numerous other 

functions.  

IIa. Age-related changes in sleep patterns 

It is currently unknown if the documented changes in sleep patterns have 

been evolutionarily introduced to reduce lifespan, are unfortunate consequences 

of age-related degeneration, or compensatory changes to account for other 
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detriments. While the purpose of them might remain a mystery for some time and 

will be hard to prove in any direction, it is an indisputable fact that they 

nonetheless exist. 

Some of the largest age-related changes come in the form of sleep: in 

general, young animals sleep longer and in a less fragmented fashion than older 

ones (McNamara et al., 2010). More specific, healthy aging, is correlated with a 

decrease in the ability to initiate and maintain sleep, earlier bedtimes and rise 

times, longer sleep-onset latency, total sleep time, increased transitions to lighter 

stages, lower arousal thresholds, reduced percentage of deep NREM sleep, 

increased percentage of lighter NREM stages, shorter and fewer NREM-REM 

sleep cycles, and more time spent awake during the night (Mander et al., 2017; 

Scullin and Bliwise, 2015; Varga et al., 2016). 

Given the known connections to near-all homeostatic physiological 

mechanisms with immuno- and thermo-regulation to name a few, it is not 

surprising then that drosophila exposed to heat or paraquat (an oxidative stress-

inducing agent) experience the same type of sleep deterioration as seen in aged 

flies (Koh et al., 2006). Sleep disorders, such as insomnia, tend to increase in 

incidence with age, and can result in overall reduced REM and SWS sleep 

percentages (Chesson et al., 2000).  

Aged animals exhibit specific memory deficits that may stem from 

changes in their memory consolidation during sleep and include a reduced 

capacity to consolidate and recall episodic memories (Pace-Schott and Spencer 

2014). Given the discussions of previous chapters on how even small changes in 
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the oscillations of memory consolidation are likely to have widespread changes in 

functional connectivity, it is important to examine age-related changes in these 

oscillations.  

IIc. Age-related changes in electrophysiology 

Frequencies within the cortical slow-wave/delta and spindle bands are 

reduced in amplitude with aging, although theta through alpha and even beta band 

power increases in amplitude during NREM sleep (Luca et al., 2015). 

Interestingly, these age-related decreases in sleep EEG delta wave power are 

attenuated in highly intelligent individuals (Pótári et al., 2017). Delta wave power 

directly correlates to the depth and magnitude of both sleep and the ability for 

higher frequency oscillations to phase-lock to this lower band. A reduction in this 

slow-wave power is likely to correlate with both a reduction in sleep magnitude 

which does correspond to the reduced arousal threshold in older humans. 

Furthermore, the probability for triple phase-locking to occur as well as its ability 

to modulate the memory consolidation and specifically, the transfer or association 

of information from the hippocampus to neocortex will be reduced as fewer 

neurons will be synchronously firing.   

Cortical sleep spindles in aged animals also appear to be extremely 

affected (Peters et al., 2014). Cortico-thalamic spindle density, amplitude, and 

duration are reduced in aged human subjects, as is the rate of K-complexes 

(Crowley et al., 2002a; Guazzelli et al., 1986a; Nicolas et al., 2001a; Principe and 

Smith, 1982a; Wei et al., 1999a). The implications of reduced cortical sleep 

spindle rate of occurrence, strength, and duration on cortical functional anatomy 
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are widespread. Though decreased spindle amplitude may simply be a result of its 

phase-locking to already decreased delta frequency amplitude found in aging, the 

reduction of both amplitudes will likely result in fewer redundant encodings of 

whichever neurons receive eventual hippocampal innervation. This lack of 

redundant encoding into cortex from the subicular field, which is modulated by 

dopaminergic transmission (Roggenhofer et al., 2013) might render the recall of 

memories more susceptible to corruption; should this affect the integration of 

those associated memories in the cortex, then it would also make recall more 

difficult (Glisky, 2007). Shorter duration and fewer spindles would further 

exacerbate this deficit, as there wouldn’t be as much time for hippocampal ripples 

to phase-lock to spindles and it is likely that less information would be encoded 

into long-term memory.  

Patient HM’s famous anterograde amnesia (Scoville and Milner, 1957; 

Smith and Milner, 1981) strongly implicated the hippocampus as a key neural 

substrate for long-term memory processes, while the single neuron process of 

replay (Kudrimoti et al. 1999), sequential hippocampal place cell reactivation 

representing previous spatial trajectories, has been tied specifically to memory 

consolidation. Theory suggests that the hippocampus orthogonalizes memories 

(Kumaran and McClelland 2012), encoding them with distinct spatiotemporal 

patterns to minimize overlap and reduce recall failures. Despite this, little is 

actually known about how the hippocampus organizes memories.  

Hippocampal ripples are roughly 140-200Hz oscillations that follow 

extracellular negative waves known as sharp waves that occur amongst the apical 
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dendrites of neurons within CA1 pyramidal cell layer due to dendritic 

depolarization from concurrent CA3 collateral input (Buzsáki et al., 1983). These 

high frequency oscillations are usually accounted for in networks whose neurons 

have sparse gap junction coupling (Traub and Bibbig, 2000; Traub et al., 1999). 

Most notably and unlike either delta waves or cortical sleep spindles, 

hippocampal ripples have been found to occur during both sleep and wake (Carr 

et al., 2011; Jadhav et al., 2012, 2015; Tang et al., 2017).  

Current theory suggests that initially hippocampal ripples are thought to 

tag specific synapses or even ensembles for later consolidation during sleep 

ripples and then used in future tasks for memory-recall. There are several 

particular features of the hippocampal sharp-wave-ripple which make it an 

interesting mechanism by which memories can be consolidated and information 

transferred, but first and foremost is its spread. Though a ripple may only on 

average last some ~70ms, some 50-100k neurons synchronously discharge along 

the CA3-CA1-subicular-entorhinal axis. This alone would qualify it as one of the 

most synchronous oscillations within the brain yet this represents roughly 5-15 

percent of the local population which is an order of magnitude larger than that of 

theta oscillations (Buzsáki, 2009). The hippocampus receives a wide range of 

sensory cortical inputs and only moments later deliver an equally wide array of 

outputs to cortex. This massive increase in network excitability essentially allows 

for a group of activated sensory cortical neurons to be associated and bound to a 

hippocampal trace. However, it is insufficient to simply state that cortical inputs 

to the hippocampus will become associated. Given that these ripples are only 
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somewhat periodic, what causes a given array of inputs to be tagged for later 

consolidation? In order to answer this question, how the content of hippocampal 

ripples facilitates such associations must be known. 

While it is known that place cells respond preferentially to specific places 

within the environment, it is supposed that early species used the same neural 

system in order to make similar associations between the information types of 

spatial navigation and associative memories. Thus, within this extremely 

synchronous activity, place cell sequences, in the order by which they were 

experienced, are temporally replicated again (Wilson and McNaughton, 1994). It 

is easy to assume that sharp wave ripples are simply epiphenomenal repetition of 

recently formed connections but selective stimulation and effective disruption 

(Girardeau et al., 2009) suggests that they do contain and transfer spatial 

information in order to associate them into sequences. Interestingly, these 

sequences can be replayed forward, at the start of the track, or backwards, upon 

reaching the end (Diba and Buzsáki, 2007; Foster and Wilson, 2006).  

Slow-wave sleep’s implication in memory transfer from the hippocampus to 

cortex has been theorized to occur via the phase-locking of several oscillatory elements: 

cortical slow waves, cortical spindles, and hippocampal ripples. The question often arises 

whether this phase-coupling is simply epiphenomenal or serves a purpose.  

While this theory was not necessarily postulated in a chronological manner across 

labs, lesion studies confirmed the general idea. The hippocampus indeed aided in place 

navigation as rats with hippocampal lesions exhibited severely impaired performance 

(Morris et al., 1982; Schacter et al., 2012); however, it was later found that the 



29 

hippocampus was not required per-se to learn spatial associations, but it most certainly 

made it faster (Kim and Frank, 2009). In a quite elegant series of experiments on a 

newly-dubbed “W maze” that could test both rule-learning, short-term memory, and 

spatial navigation in a continuous spatial alternation task, Kim and Frank showed that 

while NMDA lesions in the hippocampal formation did impair performance, as expected, 

if allowed to continue learning, did eventually reach learning criterion. It was assumed 

that, given the number of learning and decision-making systems that the brain has 

developed, that another one likely took over the main acquisition role with the most 

potential candidate being that of the basal ganglia circuit through habit formation.   

 However, while the hippocampus at this point has been largely implicated in rapid 

acquisition of associative and spatial learning, it wasn’t until a particular stimulation 

study that showed that it was specifically the hippocampal ripple oscillation that allowed 

for this (Girardeau et al., 2009). Electrical interruption of the hippocampal ripple during 

sleep following a spatial learning task, during which memory consolidation was 

presumed to occur, versus the same stimulation just following the ripple showed that it 

was this exact oscillatory activity that created the so-called “search engine” function of 

the hippocampus. 

 Though it was assumed that this information was being sent to cortex via ripple 

oscillations, to infer where this information was being stored, single-unit recordings and 

spike timing relationships were examined (Wierzynski et al., 2009). It was found that 

indeed prefrontal cortical cells fire some 100 ms after hippocampal cells during sleep; 

though interestingly this is extremely similar to the time delay found in ventral striatum 

as well (Lansink et al., 2009). With increasing hippocampal ripple strength however, 
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shorter latencies of prefrontal responses become more apparent, and are on the 

monosynaptic scale.  

After this it was only a matter of time before the cortical sleep spindle was 

implicated in phase-locking with ripples, as it had already been shown to largely ride on 

the up-states of delta waves (Haggerty and Ji, 2014). Only recently has convincing and 

relatively causal evidence been shown that the triple phase-locking of cortical delta 

waves, cortical sleep spindles, and hippocampal ripples are necessary for proper memory 

consolidation (Latchoumane et al., 2017). Ventral striatal replay has been found to follow 

hippocampal replay which would essentially associate large swathes of space with reward 

(Lansink et al., 2009). Further along than this potential circuit path are VTA neurons that 

have also been found to coordinate with the hippocampal replay (Gomperts et al., 2015; 

Valdés et al., 2015). It would make sense that it has been hypothesized that 

neuromodulators such as dopamine might aid in the consolidation of these hippocampal-

aided associations (Ewell and Leutgeb, 2014; McNamara et al., 2014; Miyawaki et al., 

2014). It’s important to note then that the source of this dopamine back into the 

hippocampus is likely not the locus coeruleus, leastwise not during ripple events 

(Novitskaya et al., 2016).  

 What is also intriguing is while the recurrent feedback of dopamine via the 

ventral tegmental area could be well-timed to occur sometime into the neuronal 

sequence replayed by the hippocampus, and through simple LTP, move earlier 

and earlier in the sequence, allowing for the phenomenon of associating reward 

with the earliest indicating stimulus. The timing could also be such that initial 

passes of ripple-triggered endogenous dopamine input back into the hippocampus 
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could serve to link together several sequences of hippocampal ripples. It’s also 

interesting to consider what neuromodulators might aid in associating a secondary 

tier of hippocampal sequences.  

 But ultimately, it is important to consider what this triple phase locking 

might imply, should phase-locking in principle be a subpopulation being 

integrated into the network of a larger one. Given that a hippocampal ripple will 

likely only result in the potentiation of incredibly specific cortical neurons, while 

spindles will include almost an entire cortical sensory region, the redundancy of 

the hippocampus-innervated cortical neurons will become integrated within larger 

areas. In other words, relatively specific ripple-triggered activity will be spread 

over a slightly larger cortical region via spindle and subsequently over an even 

larger neural population via delta wave.  

Up until Wiegand et al., 2016 (Appendix Aa), no previous study had 

investigated age-related changes to hippocampal ripples. This is simply due to the 

depth at which the hippocampus is located, the difficulty in recording from it non-

invasively, as well as the relative difficulty and complications inherent in 

implanting and recording neural data in aged animals. Initial hypotheses that 

spurred on this particular research study revolved around the possibility that 

various hippocampal ripple features might be modulated by age because aged 

animals exhibit a number of memory-consolidation and recall deficits.  

Age-related deficits are wide-spread, both in terms species (Stein and 

Murphy, 2012) and memory tasks: habitual attention (Jiang et al., 2016), 

associative memory and executive function (Guillaume et al., 2015), and tests 
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spanning the speed of processing of digit symbol, letter comparison, and pattern 

comparison, to the working memory aspects of letter rotation, line span, 

computation span, reading span, and long-term memory tests like cued recall and 

free recall (Jaeggi et al., 2008; Juhász and Németh, 2018). Since hippocampal 

ripples during have been so closely tied to the consolidation of memories 

(Girardeau et al., 2009, 2014), it was not unlikely to think that some feature of 

hippocampal ripples changed with age, especially given that nearly every other 

feature of oscillatory sleep activity did. Up until Wiegand et al., 2016 (Wiegand et 

al., 2016a), no feature of the hippocampal ripple, other than occurrence rate 

(Girardeau et al., 2014) had even been suggested to be related to the efficacy of 

memory consolidation. This was logical: if the very occurrence of a hippocampal 

ripple strengthened synaptic connections within a neuronal ensemble, then at 

worst ripple rate plotted against memory consolidation and recall performance 

would reveal a U-shaped curve where too many ripples might result in an 

eventual decrease in efficacy (potentially resulting in too much synaptic rigidity, 

though there exists biological processes to prevent such an occurrence). However, 

there are a number of features of oscillations: duration, power, and frequency to 

name the key ones. None of these had been thus far associated with the strength of 

memory consolidation or recall. Interestingly, though the strength of hippocampal 

reactivation has been seen to steadily decay over the course of sleep (Kudrimoti et 

al., 1999a; Wilson and McNaughton, 1994), ripple rate does not appear to follow 

a similar trend (Figure 5a,b). This further suggested that features of the sleep 

ripple might have bearing on information transfer between the hippocampus and 
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neocortex, or at least the strength of synaptic connections within the 

hippocampus. This is, in itself, an important distinction to make: just because 

certain inputs into the hippocampus are of distinct frequencies does not 

necessarily have a bearing on the transfer of information back out of the 

hippocampus and a ripple’s subsequent phase-locking with cortical delta waves 

and spindle oscillations. This is a subtlety that deserves further analyses.  

 Either way, these features of the hippocampal ripple were examined with 

the belief that it would either be reflective of single-unit changes that signaled 

memory deficits or would itself be the catalyst of change within a systems-level 

view of consolidation. Indeed, it was possible that the main carrier event of 

memory was not the ripple oscillation but rather underlying or otherwise coupled 

oscillations, such as low or high gamma (Bieri et al., 2014; Colgin, 2012, 2015, 

2016; Zheng et al., 2016). These studies of low and high gamma have been shown 

to mark the origin of incoming contributions to hippocampal ripples but have not 

been shown to correlate with strength of replay or the efficacy of transfer of 

information to regions outside the hippocampus (this certainly merits future 

investigations). Even higher frequency oscillations in the hippocampus have been 

suggested to be biomarkers of memory impairments. Inter-ictal spikes, short and 

incredibly high frequency voltage fluctuations often appear temporally near a 

hippocampal ripple (Hernan et al., 2014; Horak et al., 2017; Matsumoto et al., 

2013; Ung et al., 2017). Curiously, their frequency is not far from twice the 

typical frequency of hippocampal ripples and it is entirely likely that they are 

examples of hippocampal ripples occurring in disparate regions and whose 
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traveling voltage waves spatially interfere with each other (Fanselow and Dong, 

2010; Kouvaros and Papatheodoropoulos, 2017; O’Reilly et al., 2015).  

In order to investigate age-related changes in hippocampal sleep ripples, a 

data set originally collected by Dr. Lesley Schimanski and Dr. Carol Barnes 

(Schimanski et al., 2013) offered a most opportune wealth of knowledge. Within 

this study cohorts of young (n = 5) and aged (n = 6) male Fischer-344 rats were 

initially trained to run back and forth on a linear maze. On a side-note, the NIH 

has recently expressed interest in examining sex differences and given the known 

variations in spatial cognition between the sexes (Kong et al., 2017; Pletzer et al., 

2017; Rahman et al., 2017; Scheuringer and Pletzer, 2017; Shansky, 2018),even 

simply replicating this study with females, especially given the 30 day recording 

period, would be intriguing).  

 

Figure 1. Hippocampal anatomy (brainmaps.org) showing CA1, 

CA3, and dentate gyrus. CA3 innervation onto CA1 dendritic layer is 

accompanied by ripple frequency oscillations in the somatic layer. 

Electrodes were placed in CA1. 
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They were then implanted with a hyperdrive, holding 12 indepedently 

adjustable tetrodes (four twisted polyimide-coated nichrome wires), spanning the 

dorsal CA1 of the hippocampus (Figure 1). Additionally, several of these 

electrodes, each day, were painstakingly classified with the strongest delta signal 

and theta signal (Figure 2). Hippocampal ripples were also selected within an 

age-matched magnitude range so as to control for varying electrode depths 

between young and aged animals, as distance from the cell layer can vastly 

change the amplitude of hippocampal ripples (Figure 3). Two additional tetrodes 

were used as references and placed in the corpus callosum and hippocampal 

fissure.  

 

Figure 2. Sample ripple trace from four different electrodes 
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Figure 3. Normalizing peak deflection. Several features of SPW-

Rs, including peak deflection amplitude, depends upon distance from the 

pyramidal cell layer. To account for inter-animal variability in electrode 

location relative to the layer we selected LFP channels such that the 

average deflection was statistically similar between young and aged rats.  

 

 One of the more intriguing aspects of this study was that each animal was 

also implanted with a small wire electrode in their eyelid, such that activation 

induced a blink. Rats were then tasked with traversing a horseshoe-like track back 

and forth (Figure 4a). After an initial 10 trials, when crossing a designated place 

on the track for clockwise movement, and another region for counterclockwise 
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movement, eye-blink activity was induced via eye-lid stimulation at a 50% 

probability (Figure 4a). This was dubbed an eye-blink place conditioning task 

with the intention that this could be a relatively non-invasive and unobtrusive 

method of measuring spatial learning: should eye-lid activity increase as the rat 

approached one of these regions on the maze, it could be said that they learned the 

association between spatial location and eye-lid stimulation. This was not an 

unreasonable assumption given the plentiful literature on aversive puffs of air 

delivered to the eye (Flaten, 1993; Flaten and Friborg, 2005; Ginsberg et al., 

2008; Weiss and Disterhoft, 2011) quickly becoming associated with the earliest 

predictive stimulus. In hindsight however, the 50% probability likely introduced 

to much variability to be a static learning signal; moreover, the induced blink was 

unlikely to be even as aversive as an air puff. Altogether, when this dataset was 

comprised of a number of signals: eyelid electrode signal, raw signal from each of 

the hippocampal electrodes, as well as previously identified single-unit action 

potentials. Before and after this task, the rat was placed in a pot to rest quietly for 

a minimum of 30 minutes – this pattern of rest-task-rest was repeated twice a day. 
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Figure 4. Reproduced from Wiegand et al., 2016. Behavioral 

paradigm and an example of a low- and high-frequency ripple oscillation 

recorded during rest. A, Schematic of the behavioral paradigm. A daily 

recording session consisted of two behavioral epochs surrounded by a pre-

behavior and post-behavior 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. 

 

While this second paper (Wiegand et al., 2016a) on the same dataset 

collected by Dr. Schimanski was post-hoc and did not have the opportunity to 

introduce interventions to suggest causality, some sophisticated analyses (Figure 

4b, c) were able to be applied to the digital neural signals and nonetheless showed 

a number of physiological findings within the hippocampal structure of the brain, 
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a place that had for so long shown little functional differences in 

electrophysiology in aged animals. Interestingly, there had been suggestion of 

age-related changes to hippocampal local field potentials but had only examined 

periods of large irregular activity (LIA) and unfortunately not been restricted to 

hippocampal ripples (Smith et al., 2000). LIA’s encompass relatively long periods 

of NREM sleep that contain ripple events. This terminology is historical in the 

field as the utilization of distinct time-specific filters was not widespread and has 

since been largely replaced with the more distinct term “ripples.” Indeed, the 

findings of Smith et al., 2000 may be more indicative of NREM inter-ripple 

periods, as these vastly outweigh the time spent in a ripple event.    

Little to no work on the effect of aging on hippocampal ripples had been 

conducted up to this point – however, there was a small library of work done on 

aging in the hippocampus to suggest specific hypotheses. Slice work of aged 

hippocampal neurons have found limited differences, such as CA1 hippocampal 

neurons in aged rats displaying prolonged calcium-dependent after-

hyperpolarizations (Landfield and Pitler, 1984). However, pertinent to this study 

(Wiegand et al., 2016) is the question whether these differences seen in minimally 

sampled neural ensembles translates to large-scale views of the hippocampus. If 

they do not, then there likely exist strong compensatory mechanisms when taking 

extracellular medium into account. Indeed, it has already been most convincingly 

shown that extremely similar network activity can arise from vastly disparate 

individual neuron circuit parameters (Prinz et al., 2004). However, this particular 
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in vitro finding would suggest nearly what was found: increased time between 

synchronized ensemble depolarization. 

The biggest finding of age-related changes in the hippocampal sleep 

ripples of rats was that the frequency was reduced by roughly 14 Hz, with the 

average ripple frequency in young animals being 146 Hz and that of aged animals 

being 132 Hz (Figure 5b). Relatively unique to this paper within the hippocampal 

field, instead of just using bandpass filters to identify ripple events, it utilized a 

combination of power spectrum densities and wavelet convolutions to examine 

specific features of the oscillatory event. Given that the causal association 

between hippocampal ripples and memory consolidation had occurred but 7 years 

prior (Girardeau et al., 2009) it was a massive step forward to make the claim that 

features within this oscillatory event were potentially reflective of or even had 

interplay with the information bearing coding sequences of action potentials. No 

difference however was found in the magnitude of this frequency, nor in the 

duration of the ripple event itself.  

 

 

Figure 5. Reproduced from Wiegand et al., 2016. High-frequency 

oscillations are slower in aged rats. A, Example distributions of the peak 

oscillatory frequency of 90–240 Hz events acquired during rest from 4 
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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, α = 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 Hz lower in aged animals (p < 10−6, Rank Sum test, 

mean aged = 132 Hz, mean young = 146 Hz). Solid vertical lines indicate 

the mean. Dashed lines indicate SEM. C, Averaged by animal: A single 

mean oscillatory frequency was calculated for each rat (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 < 10−5) but not 

of epoch (p = 0.98). 

 

Notably, there are a few caveats to this ripple frequency difference 

between young and aged animals. First, a previous study had noted that 

hippocampal ripple events (>140 Hz) were completely temporally distinct (in that 

they did not occur at the same time as each other) from high gamma events (<90-

140 Hz) and accordingly, should not be counted as the same thing (Sullivan et al., 

2011). Curiously, the temporal aspect was the most defining distinction between 

the two neuroelectrophysiological events as this study found that they involved 

the same network and share similar mechanisms. However, as seen in Figure 5a 

this separation in frequency only appears in the minority of cases (11% in young 

animals and 21% in aged). As Sullivan et al., 2011 found this discreteness during 
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an open foraging task, it is possible that the task in Wiegand et al. 2016 was too 

restrictive in its spatial environment to pick up on this contrast between 

frequencies. Furthermore, until high gamma events are shown to be distinct in 

their functional roles from hippocampal ripples, either in replay or efficacy of 

memory consolidation, it is difficult to make any claims as to them being 

distinctly separate groups simply based off of frequency.  

This frequency difference between young and aged did not appear to be 

dependent upon pre-task or post-task sleep (Figure 6c), though ripple frequency 

did decrease throughout the post-task sleep period. It is perhaps not coincidence 

that this decrease in ripple frequency across the course of sleep is similar to the 

decrease across sleep found in strength of reactivation and replay (Pennartz et al., 

2004; Schwindel and McNaughton, 2011). In stark contrast, ripple rate does not 

typically decrease over the course of sleep, and in fact increases (p > .1, ANOVA) 

(Figure 7). Moreover, aged animals had a significantly decreased ripple rate 

compared to young animals but this difference was segregated to post-task sleep 

with (p < .0001, ANOVA).  
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Figure 6. Reproduced from Wiegand et al., 2016. 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, n aged = 113 sessions). *p < 0.05, significant 

regression. B, A decline in frequency was observed during postbehavior 

rest in aged and young rats. C, 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 < 10−4, and slopes were not 

different between aged and young animals (t test, p > 0.05). 
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Figure 7. Reproduced from Wiegand et al., 2016. Ripple rate of 

occurrence was higher during postbehavior rest, and overall movement 

during rest epochs was greater in young rats. A, Ripple rate following the 

onset of the prerest period. A main effect was observed for time (p < 10−4, 

ANOVA, ω2 = 0.03), but not age (p > 0.10). B, Young animals expressed 

a higher ripple rate during postbehavior rest (p < 10−4, ANOVA, effect of 

age ω2 = 0.02). C, D, Movement in aged and young rats decreased 

following rest onset during prebehavior (C) and postbehavior (D) periods. 

Young rats showed a higher degree of movement during prebehavior and 

postbehavior rest than did aged rats (p < 10−4, ANOVA. pre age ω2 = 0.19, 

post age ω2 = 0.10). Error bars indicate SEM. 
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Based off of this potentially interesting parallel between ripple frequency 

and rate decrease and reactivation across the course of sleep, reactivation was 

measured as well (Figure 8). Reactivation is measured as the increase of 

probability that two cell pairs will fire in sequence during the post-task sleep from 

the pre-task sleep (Wilson and McNaughton, 1994). The subtle distinction 

between this and the term replay, is simply that reactivation often refers to the 

methodology wherein cell pair sequences are detected while replay attempts to 

detect longer sequences, usually associated with neuronal ensembles. Future 

examinations of this dataset should make the express effort to examine replay; 

while reactivation may play into traditional concepts of hippocampal LTP and 

LTD, replay will further inform engram formation, consolidation, and transfer. 

Ultimately, it was shown that while the strength of hippocampal reactivation was 

decreased in aged animals, when ripple rate was controlled for, this difference 

dissipated (p = .0006 vs. p = .16, Student’s t-test) (Figure 8a, b). Essentially, this 

figure claimed that aged hippocampal ripples were just as effective as those of 

young animals and that the oft-observed difference in memory consolidation 

could potentially be accounted for by the rate that ripple events occurred.  

It is important to touch on the idea that reactivation within the 

hippocampus versus the efficacy of information transfer to regions outside of the 

hippocampus are two very different things. Just because neurons within the 

hippocampus might fire together with higher probability within defined temporal 

windows does not necessarily mean that this information was effectively sent to 

the neocortex nor that the neocortex encoded this information with any fidelity. 
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The documented finding that reactivation decays over the course of sleep 

but the fact that ripple rate doesn’t follow this trend, might appear to contrast in a 

way with the finding in Figure 8 that aged animals display reduced reactivation 

strength as well as a decreased ripple rate compared to young animals. That the 

strength of reactivation is the same between young and aged animals when the 

time spent in hippocampal ripple events is accounted for could be explained by 

the idea that ripple rate and ripple quality (in this case embodied by frequency) 

are two distinct features of memory that synergistically work to modify 

connections within and outside the hippocampus.  

 

Figure 8. Reproduced from Wiegand et al., 2016. Reduced rate of 

ripple events in aged animals contributes to reduced reactivation 
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strength. A, Cell-pair reactivation was greater in young rats (Cohen's d = 

0.33, t 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 s). Differences between aged and young animals were not 

significant (p = 0.16) after imposing this restriction. C, 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, t test, mean aged = 0.080, mean young = −0.009). 

 

This subtlety purported that though few other features of the ripple 

oscillation changed with age, this relatively large decrease in oscillatory 

frequency could conceivably affect spike-timing dependent plasticity (STDP). 

Indeed, this 15 Hz decrease in the oscillation would cause upwards of a several 

millisecond delay on the logarithmic STDP scale. While this might not seem like 

a significant change, the cumulative effect of roughly 10-15% of the hippocampal 

formation participating in this delayed process up to 1-3 Hz over the course of 

sleep, every night, is tremendous to consider. It is entirely likely that while 

hippocampal ripple rate might be the main determining factor for the efficacy of 

memory consolidation on a day-to-day scale, these minor changes in STDP could 
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potentially build up over the course of 2 years in a rat’s life, and ~70 years of a 

human.  

 Indeed, similar to this change on the STDP scale, principal cells in the 

hippocampal of aged animals preferentially fire later in the phase of hippocampal 

ripple oscillations (Figure 9b). They respond closer to the trough of the 

oscillation (Figure 9c) in aged animals and a smaller window within that trough 

than young animals. If the principles found from spike-phase encoding from theta 

phase precession (Cona and Ursino, 2015) and from other regions of the brain, 

such as frontal cortex in working memory encoding (Miller, 2013; Rolls et al., 

2013)hold for spike-phase alignment to the ripple oscillation, then ultimately the 

take-away from this figure is that aged hippocampal neurons are less flexible in 

their coding ability. Exhibiting fewer phases with which to align to, and even 

weaker magnitude of phase locking (Figure 7e), aged neurons show a much 

reduced information bearing ability. 
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Figure 9. Reproduced from Wiegand et al., 2016. Principal cells in 

aged rats respond to a narrower range of phases of the ripple oscillation 

and are active closer to the trough of the oscillation. A, Top, Mean spike-

triggered average of the local field potential signals (principal cells only). 

Spikes were restricted to ripple events. During ripple oscillations, spikes 

tended to occur near the trough and on the falling phase of the oscillation. 

Color plot presents the spike-triggered averages of every neuron (n young 

= 2727, n aged = 1245) that was used to compute the two mean traces 

presented in the top plot. Traces were sorted by peak location. B, 

Distribution of preferred firing phase of principal cells to the ripple 

oscillation (n young = 2727, n aged = 1245). Black line indicates an 

idealized cycle. Vertical red dashed line indicates the trough of the 

oscillation. C, Neurons in aged rats respond closer to the trough of the 

oscillation (circular median test; p < 10−5, Cohen's d = 0.62). D, Neurons 

in young rats responded to a wider range of preferred phases than cells in 

aged animals. The spread (SD) of preferred phases of principal cells was 

calculated for each recording session and then averaged across sessions for 

aged and young rats (p < 10−3, n sessions young 173, n sessions old 111, 

Cohen's d = 0.3). E, The magnitude of phase-locking (Rayleigh's Z) was 

reduced in aged compared with young rats (p < 0.05, n young 

2727, n aged 1245, Cohen's d = 0.08). 
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Interestingly, though this finding of age-related changes in hippocampal 

ripple frequency likely had huge implications for memory consolidation and age-

related memory decline, little to no correlation was found between 

electrophysiological changes and behavioral changes. Only a single behavioral 

outcome and indeed, difference, was published in the original Schimanksi paper 

(Schimanski et al., 2013): the percent of recorded eye-lid EMG activity above 

threshold upon approach to the designated eye-shock regions, examined up to 

20cm prior to the zone. There was no difference between this measure between 

young and aged animals either during the first 10 days nor the last 10 days. Indeed 

the only time that this measure showed any difference was when these analyses 

distinguished between the clockwise and counterclockwise direction.  

More specifically, only at position 1 in the clockwise direction did aged 

animals appear to generalize their spatial eye-blink learning and preemptively 

blink upon approach to the shock zone. Several other attempts were made to find 

behavioral differences, including identifying putative blink events, or the blink of 

highest magnitude, and measure the average distance between this event and the 

start of the zone, as a measure of spatial memory accuracy. However, the results 

were often mixed, with young animals showing increased accuracy over time, 

suggesting learning, while aged animals often didn’t. Given the extreme variance 

of these behavioral outcomes, these were not reported in these studies. 

Accordingly, the strongest and most indicative finding of learning, increased 

percent of EMG above threshold upon zone approach, was not at all correlated 

with hippocampal ripple frequency. Indeed, given that hippocampal ripple 
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frequency did not change dramatically from day to day, it was difficult to link it to 

any behavioral outcome.   

The idea that hippocampal ripple rate vs quality (oscillatory frequency) 

were different but synergistic qualities of the hippocampus was further explored 

in the analyses of waking ripples (Appendix Ad), which show that the rate of 

hippocampal ripple events differs independently from the number of hippocampal 

ripples,. Despite these well documented differences in sleep parameters, the 

author also contributed to findings that the same aged rats previously described to 

exhibit reduced frequency of hippocampal ripples during sleep did not show the 

same oscillatory decrease during wakefulness. These findings are described fully 

within Appendix Ad. Age-associated changes in waking hippocampal sharp-wave 

ripples. As it would appear that during waking ripples, traditionally associated 

with memory recall (Carr et al., 2011; Jadhav et al., 2012) or synaptic tagging for 

later memory consolidation (Barco et al., 2002, 2008; Frey and Morris, 1997; 

Korz, 2018; Li et al., 2014; Redondo and Morris, 2011; Rombouts et al., 2015; 

Shivarama Shetty and Sajikumar, 2017; Vishnoi et al., 2016), reveal little 

differences between young and aged cohorts of rats, the distinction between 

waking and sleep ripples must be made clear. To this end, it must be noted that 

ripples that occur during awake behavior are likely not the first incidence of 

synaptic tagging but rather a hallmark of ensembles having been tagged for later 

memory consolidation (Korz, 2018; Li et al., 2014; Rombouts et al., 2015; 

Vishnoi et al., 2016). Instead, what is known as vicarious trial and error, or theta 

sweeps, have been found to arise early in tasks, within the CA1 region of the 
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hippocampus (Johnson and Redish, 2007). These sweeps are interesting in that 

instead of recalling traversed patterns of place cells representing locations 

available and in front of the animal over the course of a hippocampal ripple 

(~100ms at 140-180Hz) and typically representing the path that the animal will 

eventually choose, theta sweeps usually involve those same hippocampal place 

cells, but also include place cells representing other paths in front of the animal. 

These have been observed in 2 choice mazes and the animal’s hippocampal place 

cells respond in sequential patterns but in longer patterns than that of ripples, 

instead theta sweeps occur in the timescale of hippocampal theta (~7Hz). As 

hippocampal ripples are, for all intents and purposes, slightly faster and more 

specific theta sweeps, it is not unlikely that theta sweeps are the initial mechanism 

for synaptic tagging of ensembles that are to be consolidated later. Indeed, 

hippocampal ripples don’t even occur in the first few trials of a task (when theta 

sweeps are most prominent). As the prevalence of theta sweeps decreases over the 

course of the first few trials, when rats reach decision points, hippocampal ripples 

are initiated (Papale et al., 2016). Thus, hippocampal ripples that occur during 

wakeful behavior may not be the primary initiator of memory consolidation and 

may be more slated for memory recall. Without direct analyses of replay of 

specific neuronal ensembles, it is difficult to distinguish memory recall from the 

initial stages of encoding.  
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Figure 10. Task design and behavior. A) Schematic of track and 

procedures for the spatial eyeblink task. Rats alternated between running 

clockwise and counterclockwise on a circular track (85 cm diameter, 267 

cm circumference) for food reward on either side of a barrier. After five 

laps in either direction, electrical stimulation to the eyelid was delivered 

on a 50% pseudorandom schedule at the positions indicated by the ‘eye’. 

Rats typically ran 37 laps in each direction during a given recording 

session. EMG signals from the right eyelid were analyzed to determine if 

blinking occurred. A 30-minute rest period preceded and followed each 

track-running session, and two track-running sessions occurred on each 

day. B) Spatial watermaze performance measured prior to implantation. 

The corrected integrated path length (CIPL) scores indicated that age rats 

were impaired at finding the escape platform relative to young rats on the 

final day (day 4) of testing (t-test (age), * p = 0.01, d = 1.95, paired t-test 
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(day) ** p = 0.004, Bonferroni-Holm correction for 2 tests). Thick vertical 

bars indicate the interquartile range, thin lines indicate the median, and 

circles indicate the CIPL score for each animal. C) Running speed for 

clockwise (left) and counterclockwise (right) traversals for each recording 

session. Color indicates mean speed (cm/sec). Aged animals were 

considerably slower than young rats. Shaded boxes indicate the 

reward/food zones. Green vertical lines indicate the shock zones. Thick 

lines indicate mean running speed across sessions (n = 146 sessions 

young, n = 119 sessions aged).  

 

Nonetheless, despite an inability to determine whether hippocampal 

ripples that occur during waking behavior are aiding in the functional recall of 

memories or are the initial steps towards memory consolidation, examining the 

difference between waking ripple rate, total numbers, and oscillatory frequency 

had not been done before, let alone in an aging context (in which either ensemble 

tagging or memory recall could be independently impaired). In order to do so, the 

same data set was examined (Figure 10a). This time however, instead of focusing 

on the sleep periods preceding and following the task period, behavior during the 

eye-blink conditioning task was examined. The only other wakeful behavior that 

had identified a memory performance difference was performed before the eye-

blink conditioning task was the relatively standard watermaze task to judge spatial 

learning ability. This test, even with aged animals, was not novel and confirmed 

other studies (Krause et al., 2008; McLay et al., 1999) in the finding that aged rats 
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are impaired in their performance on the watermaze task (Figure 10b). For this 

particular set of cohorts of young and aged animals, on the 4th day of testing, aged 

animals traveled significantly farther than young animals to find the escape 

platform (p = .01, Student’s t-test). Interestingly, with a paired t-test by day, 

young animals showed significant learning manifesting as huge decreases in the 

length traveled to find the hidden platform (p = .004, Bonferroni-Holm correction 

for 2 tests), however with this statistical analysis, aged animals showed little to no 

learning. Importantly for future behavioral tests, this type of effect is not 

unexpected: just because aged animals show no improvement in a single aspect of 

a behavioral test does not necessarily mean that they did not learn but rather that 

they may express this learning in another aspect. In the case of the watermaze, it 

is possible that time spent with the correct head direction might be a subtle 

indication of spatial learning, or the average distance from the platform per unit of 

time averaged over the entire trial (this would work only because there is a 

maximum distance from the platform that can be recorded). On that note, one of 

the subtle, though not surprising, behavioral findings was that though aged 

animals displayed a similar pattern of movement to the young cohort, they did 

move significantly slower (Figure 10c) – it is unlikely (though not impossible) 

that this was due to slower overall neural processing, and is more easily 

attributable to slower muscle recruitment. Reflecting this finding back on 

watermaze data – it is typical to reduce watermaze tracking data to a single 

number denoting the length of their traveled path but this does not take into 

account time and speed of travel by any means.  
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Figure 11. Analysis of ripples at reward zones. A) Average 

number of ripples per trial at each location on the track (clockwise and 

counterclockwise trials were combined). The number of ripples/trial was 

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

and counterclockwise trials were combined in this analysis, making this 

plot symmetrical. Values were not normalized by time spent at the reward 

zone (see Figure 6B). B) Aged rats spent significantly more time in the 

reward zones (t-test, t = -3.0, p = 0.02, d = -1.7, n = 6 young, n = 5 aged 

rats). C) There were significantly more ripples per trial for the aged rats (t 

= -2.7, p = 0.03, d = -1.5). D) The rate of ripple events in the reward zone 
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was not different between aged and young rats (p = 0.36). E) Comparison 

of total time spent in the feeder zone after rats did or did not receive an 

eye shock. Aged rats spent more time in the feeder zone relative to young 

rats (t = -2.4, p = 0.04, d = -1.4). F) The number of ripples per trial did not 

differ between trials with and without eye shocks (p = 0.1). G) The rate of 

ripple events did not differ between trials with and without eye shocks (p 

= 0.5). 

While patterns of movement were similar between young and aged 

animals, there were a few variances: aged animals spent more time at reward 

zones (Figure 11b). It was also found in this investigation that aged animals 

exhibited a higher total number of hippocampal ripple events (Figure 11c) over 

the course of the entire trial. Notably, the rate of hippocampal ripple occurrence in 

aged animals did not noticeably differ while within the reward zone (Figure 11d) 

yet because they spent more time at the zone, they inherently displayed 

significantly more ripple events overall. This was initially hypothesized as an 

embodied strategy of sorts, investing in down-time in order to allow for more 

neural processes associated with memory consolidation. As this reflection time 

ultimately allowed for greater numbers of hippocampal ripples (Figure 12d), it 

could even be a compensatory mechanism for a demonstrated reduced ripple rate 

over the course of track-running (Figure 12f).  

This idea of putative compensation suggests that this increase in total 

ripple numbers occurs primarily during time spent in the reward zone based off of 

prior periods of reduced ripple rate while traversing the track. If this was the case, 
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then it would further suggest that there is an inherent positive feedback 

mechanism for ripple rate. This was supported by Girardeau et al., 2014 who 

showed that sleep periods following ripple interruption via triggered electrical 

stimulation were characterized by an increase in ripple rates, compared to control 

sleep periods where stimulations did not interrupt ripples. Thus, it is very likely, 

based off of these findings, that this increase of aged animals are indeed 

experiencing a ripple rebound. As Girardeau et al., 2014 also showed that this 

rebound did not occur following random foraging in a familiar environment, this 

effect is restricted to task-driven behavior, such as traversing the horseshoe track 

during the spatial eye-blink conditioning task.  

What becomes ultimately of import is whether there is any detriment to 

ripples occurring earlier rather than later – if there is such a strong rebound effect 

for task-driven behavior, then it must have been deemed evolutionarily imperative 

for ripples to occur as soon as possible immediately following salient events. If 

this did not happen, then theoretically, either fewer neural ensembles would be 

immediately tagged for later consolidation in aged animals or that consolidation 

would be less effective. Yet, even if a ripple was to occur some time after a salient 

event, there would have been a significant time lag between when those relevant 

place cells had responded during theta oscillations and when they are temporally 

compressed into ripples (either for synaptic tagging, memory consolidation, or 

active recall – these are not mutually exclusive possibilities).  
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Figure 12. Waking ripples during the spatial eyeblink behavior. A) 

Examples of waking ripples from an aged rat observed during 

conditioning. Arrows point to the location on the track where the ripple 

occurred. The waveform and wavelet spectrogram are presented for each 

ripple. B) Running speed for aged and young rats outside of the reward 

zone. Running speed in both aged and young rats ‘dipped’ at the start of 

each trial and increased until animals approached the reward zone (n = 146 

sessions young, n = 119 sessions aged). The x axis indicates the linearized 
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position of the animal in degrees. Vertical dashed lines indicate the 

location where animals received an eyelid shock on 50% of trials. Shocked 

trails were eliminated from the averages so that ripple counts could be 

assessed without contamination from electrical artifact. C) Running speed 

at the start of each trial, with the start indicated by the gray horizontal bars 

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

aged, n = 6 young rats, error bars = SEM). D) Average number of ripples 

per trial during track running. E) To assess whether the incidence of ripple 

events differed between aged and young animals, the average number of 

ripples per trial was computed at the start of the clockwise and 

counterclockwise journeys.  The average number of ripples per trial was 

larger in aged animals (t-test, t = -2.4, p = 0.039, d = -1.4, n = 5 aged, n = 

6 young). F) To determine if the increased number of ripples in aged rats 

was due to their slower running speed, the ripples per trial were 

normalized by the total time spent at each spatial location, resulting in a 

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

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

0.50), suggesting that the increase in the incidence of ripples at the start of 

each journey observed in D was due to animals moving more slowly. 

 

This time delay between experience and tagging will need to be 

investigated further to see if and how this deteriorates the quality of memories; 

this could be tested experimentally by varying periods of electrical stimulation 
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following events salient to the task at hand and measuring the strength of recall – 

there is likely to be a direct correlation. Of course, just because a ripple occurred 

later does not mean it maintained whatever quality of memory was created by a 

high ripple rate (Figure 13). Temporal qualities of a ripple could in this context 

translate to the percentage of place cells that are reactivated out of the total 

number that were triggered in the initial run, while spatial quality of a ripple could 

refer to the synaptic strength between place cells activated during a ripple. It’s 

possible that ripple rate could be a stand-in for the temporal resolution of 

memories while ripples that occur at a later point might not retain all temporal 

aspects of a past event, yet still consolidate a degraded version of that memory to 

the same extent.  

In other words, though the temporal efficacy of consolidating a memory 

via a delayed ripple may be degraded compared to a ripple that occurred 

immediately following a salient event, spatial contiguity is maintained by a ripple 

still positively modulating the synaptic strength between the fewer neurons that 

were activated during later ripples. Thus by rippling more, aged animals might 

exhibit the same strength of spatial memories and efficacy of memory recall for a 

subset of the ensemble that was initially activated, but may miss certain details of 

said experience. This does appear to match the human aging literature, as healthy 

older adults remember fewer words on a free recall test but were equally selective 

in recalling high-value words (Millar et al., 2017).  
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Figure 13. Changes in ripple rate during track running and reward 

consumption. A) Although more ripples occurred when rats were in the 

Reward Zone, ripple rates were lower in the reward zone relative to track 

running. Paired t-tests indicated that both aged and young rats expressed 

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

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

the relationship between location (degrees) and ripple rate (Fig. 3F) was 

used to determine whether ripple rates increased as animals approached 

the reward zone. A positive slope indicates that ripple rate increased as 

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

analyzed sessions (n = 146 young, n = 119 aged). C) Slopes for young and 

aged rats did not differ (two-sample t-test, t = 1.6, p = 0.14, n = 6 young, n 
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= 5 aged). Slopes for young (one-sample t-test, p = 0.048), but not aged (p 

= 0.089) rats were greater than zero (p values Bonferroni corrected for 2 

tests). D) Schematic of zones on the track used to identify changes in 

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

Clockwise and counter clockwise journeys were combined. E) Average 

ripple rate at each location on the track. Two-way ANOVA (age x 

location) revealed a main effect of age (F = 11.3, p = 0.002) but not 

location (F = 0.3, p = 0.83) and no interaction (F = 0.52, p = 0.67). 

 

 

Figure 14. Oscillatory frequency of ripples during rest and 

behavior. Mean (±SEM) oscillatory frequency of ripples for aged (n = 5) 

and young (n = 6) rats during sleep, reward consumption, and track 

running. Two-way ANOVA (age x behavioral state) revealed a significant 

effect of age (F = 8.08, p = 0.008) but not behavioral state F = 2.25, p = 
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0.12). Post hoc comparisons revealed an effect of age during sleep (t test, t 

= 3.7, p = 0.02, Bonferroni correction), but not at the reward zone (p = 

0.65) or track-running (p = 0.65). To determine if the lower oscillatory 

frequencies observed during rest in aged rats increased during behavior, 

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

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

p = 0.04, Bonferroni correction for 2 comparisons), but not from Rest to 

Track (t = -2.15, p = 0.20). 

 

Interestingly, this study also found that the hippocampal ripples that 

occurred during waking behavior were not reduced in frequency in aged animals 

as they were during sleep (Figure 14). This lack of difference in frequency is 

likely due to several reasons: sleep physiology and the differentiation in function 

between ripples in either state. That ripple events during wakeful behavior are so 

linked to recall (Carr et al., 2011) or synaptic tagging of neuronal ensembles for 

later memory consolidation (Korz, 2018; Li et al., 2014; Rombouts et al., 2015; 

Vishnoi et al., 2016) could suggest that while memories might be strengthened 

within the hippocampus relatively normatively in aged animals, with potentially 

some room for lost temporal information given lower ripple rates, the main point 

of vulnerability is the further consolidation of these memories within the 

hippocampus during sleep and most likely the extra-hippocampal transfer of these 

not quite complete memories to the neocortex.  
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These age-related changes in function are undoubtedly tied to age-related 

anatomical changes that occur in the hippocampus. One feature that appears to 

remain constant in the face of age is actually cell number (Samson and Barnes, 

2013). Similarly, most biophysical properties of cells do not change with age, 

with relatively few exceptions such as larger after-hyperpolarizing potentials in 

CA1 (Landfield and Pitler, 1984) likely due to an increase in the number of L-

type calcium channels in CA1 (Thibault and Landfield, 1996). Within all 3 

subregions of the hippocampus reduced amplitude of stimulation-induced 

cholinergic slow EPSPs is observed (Shen and Barnes, 1996). One of the most 

interesting changes that occurs with age is an increase in gap junction coupling 

between CA3 and CA1 pyramidal cells which suggests an increased excitability 

to counteract the reduced cholinergic modulation (Maurer and Williams, 2017; 

Sava and Markus, 2008; Teles-Grilo Ruivo and Mellor, 2013). 

Future directions of this work definitively suggest following recent 

findings of phase coupling between hippocampal ripples, cortical spindles, and 

delta waves (Latchoumane et al., 2017). If our hippocampal ripples and memory 

replay are inherently based on phase-synchronization with lower frequencies, then 

any change in behavioral sleep patterns will affect our memory recall; as 

hippocampal ripples are, at most, linked together in doublets or triplets, then 

memory could be segmented into concise memory quanta of this size. In rats, 

these doublets or triplets can represent an entire maze or track; does this 

extrapolate to humans and are our memories segmented into houses or streets or 

similar locations? It’s quite possible that this restriction of memory linkage is due 
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to how many hippocampal ripples can occur within a single phase of a delta 

oscillation while at the same time synchronized to a cortical spindle. An 

outstanding question is how are these delta wave memory quanta grouped across 

delta phases? It is hard to believe that our memories are relegated to only a 

handful of place cells making up a hippocampal ripple and only upwards of two 

or three such handfuls to compose a singular memory. While there is limited 

evidence to suggest that hippocampal ripple duration reflect, to some degree, the 

length of the relevant environment, the most significant relation to longer 

stretches of the environment are slightly longer ripples, more coherence across 

ripple events (as extended replay may be composed of chains of shorter 

subsequences (Davidson et al., 2009a)), and more representation in ventral 

regions of the hippocampus wherein place cells represent larger locations 

(Kouvaros and Papatheodoropoulos, 2017). 

Given this segmentation of hippocampal ripples and replay of extended 

experience, what is the extent to which one can replay? It is unusual to think of 

remembering something larger than even the smallest of occasions and yet it is 

possible.  It would be advantageous to observe, given the findings by  

Latchoumane et al., 2017, whether the segmentation and grouping of these three 

key rhythms of memory consolidation are supported by even slower neural 

oscillations, or if there are age-related changes to phase-coupling between 

hippocampal ripples, cortical spindles, and delta waves. Given the single-unit 

findings during sleep with aged animals, it is entirely likely that hippocampal 

ripples in aged animals phase-lock to a smaller temporal window within these 
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slower oscillations, further supporting this idea of inflexible coding with aged 

neurons and directly addressing the question of efficacy of extra-hippocampal 

information transfer. 
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Chapter Three: Sleep impairments and Parkinson’s Disease 

IIIa. Sleep and neurological function 

Sleep, besides its physiological and neural benefits, is near and dear to the 

author’s heart as a favorite past-time. On a more scientific note, what is most 

fascinating is that, with the exception of fatal familial insomnia (Montagna, 

2005), “most if not all animals possessing a brain sleep” (McNamara et al., 2010). 

Furthermore, Allan Rechtschaffen said that “if sleep does not serve an absolutely 

vital function, then it is the biggest mistake the evolutionary process ever made.” 

(Scullin and Bliwise, 2015). It is observed that prolonged sleep deprivation will 

ultimately result in death (Kushida, 2005) and yet sleep aberrations, to either 

extreme, correlated with mortality and morbidity (Bliwise and Young, 2007; 

Hublin et al., 2007). Moreover, and one of the notable features of sleep, is that 

sleep deprivation will cause a subsequent sleep rebound directly proportional to 

the amount lost (Campbell and Tobler, 1984; Colten et al., 2006) suggestive of a 

truly obligatory nature.  

The field of sleep research is wide and varied, with some unfortunately 

redundant terms. In order to expedite any understanding, some terms and 

definitions shall be covered now. Sleep is often separated into light and deep 

stages of non-rapid eye movement sleep (NREM) as well as rapid eye movement 

sleep (REM). NREM is often dominated by these high-voltage slow waves, 

during which aperiodic K-complexes and sleep spindles may occur. There is a 

distinct absence of eye-movements though slow or rolling eye-movements may be 

exhibited. Finally, a number of physiological and metabolic processes slow and 
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body temperature tends to decrease by about 2 degrees Celsius. On the other 

hand, REM sleep is so named due to the rapid eye movements though muscle tone 

is extremely low, as measured by EMG. Heart rate, breathing, and body 

temperature may become incredibly variable during REM sleep. The few coherent 

oscillatory events are hippocampal theta and ponto-geniculo-occipital waves, 

themselves related to the characteristic eye movement.   

Traditionally, slow waves were designated as those within the frequency 

range of 1-4 Hz (Amzica and Steriade, 1998). However, it is important to 

distinguish that near to this range are several distinct oscillations: 1) those found 

in sleep, oscillating around 1-4 Hz (delta) that are largely of thalamocortical 

origin, though cortical delta has been shown to exist independent of thalamic 

input (Ball et al., 1977; Villablanca and Salinas-Zeballos, 1972), and 2) the slow 

oscillation (.1-1Hz).  

Cortical delta waves are almost exclusively found during sleep and are at 

their highest amplitude at the deepest stages of sleep. Evidence suggests that 

during pre-sleep periods, information flow measured via functional coupling is in 

a posterior to anterior direction; upon sleep onset the directionality switches and 

propagates backwards in an anterior to posterior fashion (Gennaro et al., 2004; 

Murphy et al., 2009).  

A common theory regarding the purpose of these slow waves is two-fold: to 

initially provide up and down states (slower oscillations) in which to couch faster 

oscillations within temporal windows of neural rewiring opportunity and to globally 

downscale all synaptic connections (Turrigiano, 1999). Coincidence and phase-coupling 
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with higher frequencies has only recently been shown in a few studies, most recently that 

delta waves coupling to cortical sleep spindles and furthermore to hippocampal ripples 

(Latchoumane et al., 2017) with spindle interruption via optogenetics impairing 

hippocampus-dependent memory consolidation.  

The theory of global downscaling can generally be described as a natural neural 

response to the synaptic potentiation resulting from learning during wakefulness as this 

synaptic potentiation is inherently tied to the homeostatic regulation of slow-wave 

activity, while conversely, slow-wave activity has been associated with synaptic 

downscaling (Tononi and Cirelli, 2003). Strengthening this argument is the clinical side-

effect of sleep-deprivation: a significant drop in seizure threshold (Owen and Bliss, 

1970). Indeed, delta wave power is highly correlated with preceding lack of sleep, 

otherwise known as compensatory rebound wherein sleep deprivation is followed by 

higher arousal thresholds, enhanced slow-wave activity, and increased REM frequency 

(Borbély et al., 1981). While much of the sleep field has accordingly suggested that the 

amount of sleep is physiologically obligatory, one could go a step further and claim that a 

certain amount of slow-wave or delta activity is required as a trade-off to wakefulness.  

Interestingly, delta waves propagate quite quickly (1.2-7.0 m/s) and thus quite far, 

in even half a phase (at 1Hz, half a phase = 500ms for an estimated 1.75 meters) 

(Massimini et al., 2004). Given the large patterns of propagation and the ability to detect 

delta waves easily across cortex during sleep, it becomes important to inquire as to 

whether this slow activity can be localized, as this would have great implications for both 

sleep as a neuronal property (rather than behavioral) and memory consolidation. There is 

limited but suggestive evidence for delta wave generation to be localized in a small of 
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regions as cortical columns: cortical columns in rats have been found to oscillate between 

two states, wake-like and sleep-like state (Rector et al., 2005). Similarly, local and 

asynchronous NREM slow waves have been documented (Siclari and Tononi, 2017). If 

this is the case, it could also be argued that while delta might be a locally generated, use-

dependent process, this does not necessarily mean that every neuron subject to or even 

participating in the propagation of this delta wave is “sleeping.” While one can easily 

induce a so-called “sleep-like” state in a single cultured neuron via any hyperpolarizing 

substance, this does not necessarily mean that one has caused sleep.  

There is work however to suggest that neurons when exposed to tumor necrosis 

factor (TNF), an endogenous cytokine, reveal locally enhanced delta power (Churchill et 

al., 2005; Kubota et al., 2002; Shoham et al., 1987; Terao et al., 1998; Yoshida et al., 

2004). There is further research claiming that EEG delta power is enhanced in the left 

somatosensory cortex during sleep after prior prolonged right-hand stimulation (Kattler et 

al., 1994). There is an extensive body of literature, across a number of species, finding 

that local stimulation subsequently leads to enhanced EEG delta power in that same 

region (Cottone et al., 2004; Ferrara et al., 2002; Huber et al., 2004; Iwasaki et al., 2004).  

Future research will have to examine how many neurons have to be exposed to 

TNF in vivo to propagate a sufficient delta wave to behaviorally induce sleep, as well as 

what exact property of quiescence is required and obtained via sleep and specifically 

cortical delta waves. This will go on to inform whether over time and age, a number of 

neurons are not sufficiently rested or exposed to propagating delta waves and thus are not 

downscaled along with the rest of cortex, or conversely, are too downscaled; this could 

even be a result of the neural activity in cortex during wakeful behavior. The cumulative 
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effects of over- or under-excitability could explain certain age-related predispositions for 

neurodegenerative disorders (as will be discussed later in Chapter 4).   

Comparative analyses across animals show that while other animals sleep, 

human sleep differs on a number of fronts. Namely, humans exhibit much less 

fragmented sleep than that of other organisms – human sleep bouts are usually 

compressed into 8 hour blocks while other animals might see relatively short 

sleep bouts, such as that of mice, who sleep at most several minutes at a time 

before briefly awakening (Hao Wang et al., 2016). There has been a fair amount 

of discussion as to why our sleep is so consolidated and most arguments point to 

predation, or rather a lack thereof. This is supported by the simple finding that 

predators in the wild appear to sleep for longer periods than prey (Allison and 

Cicchetti, 1976; Capellini et al., 2008; Lesku et al., 2006). Further support for this 

is found in animals that sleep polyphasically, or in a number of short bouts, and in 

short REM-NREM sleep cycles have longer NREM (but not REM) sleep quotas 

than animals that sleep monophasically (Capellini et al., 2008). This has been 

argued to be the main driving force, as opposed to predation, to sleep cycle 

designation but these explanations are not mutually exclusive. Due to these 

factors, human NREM sleep can be separated into light and deep stages: light 

stages of NREM sleep are often characterized by alpha oscillations over visual 

cortex, correlated with eye-closing and delta oscillations largely over cortex that 

generally begin in anterior regions and propagate to poster cortical regions 

(Amzica and Steriade, 1998). These lighter stages have been proposed to be 

advantageous as being a neural compromise to maintain a state of vigilance while 
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gaining some meager benefits of sleep whilst under extreme predation (Makeig et 

al., 2000; Noser et al., 2003). Further stages can be differentiated, often 

distinguished by amount of spindling activity and depth of slow-wave activity. 

Though primates show spindles restricted to their juvenile sleep, humans display 

retention of spindling activity well into the adult state (Bert et al., 1975). It is also 

likely that, as direct a result of this sleep bout consolidation, few other animals, 

indeed only a handful of mammals, have even exhibited evidence of REM sleep 

(McNamara et al., 2010).  

Sleep as a biological function has seen many arguments, the potential 

answers to which are several-fold: that it is effectively a trade-off to the neural 

activity through which we can effectively consolidate memories, that it is simply 

an energy-conservation technique, we sleep to forget, etc. Current hypotheses 

about why we sleep often revolve around the idea of global synaptic downscaling. 

This theory suggests that memory consolidation is one of the primary purposes of 

sleep, insofar as neural activity goes, and that the coordinated activity of many 

populations of neurons during hippocampal ripples and cortical spindles takes 

advantage of the rules of long-term potentiation and spike-timing dependent 

plasticity, against a background of slow-wave and delta cortical oscillations..   

It is interesting of course to note that despite claiming that down-states are 

polar-opposite requisites of wakeful neural activity, that sleep would exhibit such 

highly organized, synchronous activity as spindles and ripples. However, 

importantly, these synchronizations are only semi-periodic; work out of the 

Buzsaki lab found that while overall firing rates and synchrony went up during 
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NREM periods and were specifically relegated to hippocampal ripple events, 

these were compensated for even greater decreases in firing rates during REM 

periods (Grosmark et al., 2012). Overall this led to a downscaling of discharge 

rates over the course of sleep.  

While much of sleep research has tended to focus on the 

electrophysiological effects, interesting research has been conducted on the 

immunological benefits of sleep. Sleep architecture is, unsurprisingly, altered in 

response to an infection showing that with increased time spent in NREM sleep 

and decreased REM sleep time, comes a corresponding increase in body 

temperature despite traditional sleep exhibiting decreases in core body 

temperatures (Bryant et al., 2004; Kräuchi et al., 2018; Majde and Krueger, 2005). 

Furthermore, comparative evolutionary evidence does reveal that longer REM and 

NREM sleep durations are correlated with higher immune cell counts and lower 

infection levels (Preston et al., 2009).  

Indeed, Xie et al. (Xie et al., 2013) is one of the more convincing studies 

suggesting an immunological purpose behind sleep. By imaging the convective 

exchange of cerebrospinal fluid with interstitial fluid, they found that both normal 

slow wave sleep and anesthesia caused a 60% increase in the interstitial space, 

consequently increasing the rate of beta-amyloid clearance from the brain. Several 

studies have now replicated this finding with various tracers. This allows for a 

fairly parsimonious explanation regarding both why sleep is so necessary as well 

as how certain toxic metabolic byproducts are dealt with given the relative speed 

of their production and dependence on neural activity. An interesting tie-in to this 



75 

study is that transportation in the interstitial space can be modulated by neural 

activity (Shi et al., 2015). This particular study determined this using a painful rat 

forepaw electrical stimulation model, whilst measuring electrical activity within 

the thalamus – stimulation of the paw did show an increase in thalamic activity 

which in turn resulted in a decrease of interstitial fluid flow. While it’s possible 

that painful stimuli resulted in some other, indirect physiological interaction that 

might cause thalamic activity or a change in interstitial fluid flow, but the other 

extrapolation of this is that near any induction of thalamic activity will cause this 

decrease in flow. Accordingly, it is logical to suppose that cortical sleep spindles, 

which are some of largest neural, let alone thalamocortical, interactions would 

likewise decrease interstitial flow. It is interesting to consider this tradeoff: the 

more neural activity that should occur during wakeful behavior is reflected in the 

homeostatic drive for sleep; this same neural activity will result in a number of 

metabolic byproducts including alpha-synuclein and beta-amyloid; however, upon 

sleep onset, if memories of these wakeful activities are to be consolidated then the 

expulsion of toxic waste within the brain is compromised.  

IIIb. Dyssomnias 

Sleep fragmentation can often result from sleep apnea, aging, stress, and a 

number of other factors. Sleep fragmentation in and of itself is unfortunately a 

relatively loose term usually meaning that sleep bouts are not as long as normal or 

that periodic awakenings tend to occur and interrupt normal sleep patterns. 

However, there are plenty of variations within this vague term and the 

implications for neural processes is not entirely clear due to this ambiguity. In 
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order to better study sleep fragmentation, it may be more informative to examine 

the extreme cases of several classic dyssomnias: insomnia, hypersomnia, and 

REM sleep behavior disorder. It is the hope that in doing so, defining the 

downstream effects of sleep fragmentation can be better described as a 

combination of factors: sleeping when one shouldn’t and vice versa; these have 

clear effects and the question then becomes how variant is the sleep disturbance 

from prototypical sleep patterns? 

There can be any number of causes for general sleep fragmentation: stress, 

hormonal imbalance, environmental factors, etc. Small changes in 

neurotransmitter levels can also result in marked reductions in sleep including 

inhibition of serotonin or serotonin-containing raphe neurons (Jouvet, 1969). 

Mutation of any serotonin receptor also appears to result in decreased and 

fragmented sleep, though with circadian rhythms preserved (Yuan et al., 2006). 

Upregulating, or gain-of-function, mutations in the dopamine transporter will 

conversely result in decreased sleep amounts with a hyper-responsiveness to mild 

mechanical stimuli (Kume et al., 2005). This might explain why there is so little 

data out there about dopamine’s role during sleep, other than in drosophila, and in 

the future should be investigated with the techniques described in Appendix Ac. 

DANA. While it has been assumed, due to studies such as Kume et al. 2005, that 

baseline dopamine levels are extremely low, this doesn’t mean that transient 

dopamine spikes or burst release aren’t exceptions and might indeed be related to 

memory consolidation-related oscillations such as hippocampal ripples. Either 

way, sleep fragmentation or slow wave activity disruption, has been found to 
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increase beta-amyloid levels acutely, and poorer sleep quality over several days 

increases tau (Olsson et al., 2018). These effects are specific to neuronally-

derived proteins, which suggests they are likely driven by changes in neuronal 

activity during disrupted sleep. Furthermore, if findings described in Xie et al. 

2013 are correct, then this increase in cytotoxic buildup might be directly due to 

the decrease in clearance via interstitial flow.   

Insomnia has been found to have an enormous effect on the population, 

with 10-15% of people suffering from some form of it (Roth et al., 2007). As a 

common sleep complaint, it must be distinguished from the relatively simple sleep 

fragmentation; while insomnia is almost always associated with a state of stress, it 

is compounded by its characteristic resistance to homeostatic drive – despite a 

profound and obligatory rebound drive due to sleeplessness, sleep is still offset. 

Indeed, this resistance often results in a shorter sleep latency and susceptibility to 

“microsleeps,” or seconds-long dips into a sleep-like state. These more 

consolidated fragmentations can be thought to have a much more cumulative 

effect on metabolic clearance that is seen in more periodic sleep fragmentation. 

Thus, even though just a week of interrupted sleep can increase beta-amyloid 

levels (Ju et al., 2017) and consequently increase the probability of plaque 

formation, insomnia itself is correlated with early stages of Alzheimer’s disease 

(Sprecher et al., 2017). Insomnia can be a result of hyperactivity in wake-

promoting cholinergic cells in the basal forebrain (Han et al., 2014; Sharma et al., 

2010), conversely supported by the finding that lesions of basal forebrain neurons 

increase slow wave sleep (Buzsàki and Gage, 1989). Most basal forebrain cells 
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correlate to wakeful states and incredibly few to sleep (Szymusiak and McGinty, 

1986a, 1986b). Activation of the basal forebrain even induces high-frequency 

EEG in the cortex (Metherate et al., 1992), while selective activation of 

cholinergic basal forebrain neurons induce immediate sleep-wake transitions (Han 

et al., 2014). It is of little surprise then that these cells directly project to the 

thalamus (Asanuma and Porter, 1990) and that any basal forebrain activation will 

result in thalamic innervation and a subsequent decrease in metabolic clearance. 

Atrophy of these cells are significant presymptomatic markers for Alzheimer’s 

disease (Auld et al., 2002; Baker-Nigh et al., 2015; Kerbler et al., 2015; Metherate 

et al., 1992; Schmitz and Spreng, 2016). Indeed, presence of the plaques 

characteristic of Alzheimer’s disease appear to disrupt sleep (Colby-Milley et al., 

2015; Lim et al., 2014; Mander et al., 2015). The relationship between insomnia 

and the beta-amyloid plaques of Alzheimer’s disease is clearly bidirectional 

(Holth et al., 2017; Ju et al., 2014; Olsson et al., 2018).  

Conversely, hypersomnia is not a common sleep complaint and is 

characterized by feeling of “sleep drunkenness” and difficulty awaking from 

sleep. It is different however from narcolepsy wherein individuals are susceptible 

to “sleep attacks” with reduced REM latencies, and increased REM proportions 

and density. In hypersomnia, often there is no change in proportion of REM sleep 

though slow wave sleep parameters frequency increase. This excessive daytime 

sleepiness has been found to increase significantly over time with early 

Parkinson’s disease and finds a comorbidity in REM sleep behavior disorder 

(RBD). RBD is an interesting phenomenon in that it somewhat resembles sleep-
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walking and the acting out of dreams but its onset is significantly later on in life. 

A number of studies have found that RBD a huge predictor of PD development, 

with almost 95% of RBD diagnoses resulting in comorbidity of PD (Poryazova 

and Zachariev, 2005; Postuma et al., 2009, 2015; Schenck et al., 2013).  

This is a fairly strange prodromal indicator given that REM sleep is 

characterized by such a strong component of low muscle tone. However, given 

the findings on REM sleep being a factor in the downscaling of neural activity 

through overall firing rates (Grosmark et al., 2012), it is possible that while 

cortical delta waves in part serve this purpose, REM sleep may be integral to the 

process. If this is the case, then degradation of REM sleep would exacerbate the 

downscaling of sensitive basal ganglia neurons, which themselves contribute to 

RBD (Khanday et al., 2016). The lack of downscaling could play into why cells in 

the substantia nigra, due to their reliance on long, calcium-linked depolarizations, 

are subject to excitotoxicity (Chan et al., 2007).  

While these data are certainly supportive of the link, the nature of the 

relationship between RBD and Parkinson’s disease isn’t fully fleshed out. Little 

but foundational work has been done to identify whether the death of substantia 

nigra neurons are actually the first indication that Parkinson’s disease has 

officially begun. Indeed, there seems to be emerging evidence that Lewy bodies 

actually present in dorsal pontine-medullary region, a region associated with 

REM sleep without atonia in animals (Ferman et al., 2011). Lewy body dementia 

and Parkinson’s disease have long been presented within their respective fields as 

vastly different constellations of clinical assessments with little overlap, but it’s 
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beginning to look like Lewy body accumulation is a natural consequence of low 

metabolic clearance with the main difference being the originating neural regions 

of spread and cell death (Ferman et al., 2002; Jellinger and Korczyn, 2018).  

So why would these brainstem regions be the first to die, if they are not 

subject to the same vulnerabilities as the substantia nigra? If these brainstem cells 

are overactive in their induction of sleep, causing hypersomnia, then their 

metabolic byproduct output will increase, and it’s possible that there is a 

homeostatic drive triggered for further sleep to excise these cytotoxic elements. 

It’s also possible that there is a transport or infectiousness of these Lewy bodies 

from region to region. Until it is determined which regions within humans 

predispose humans to RBD and why this in turn renders them vulnerable to 

Parkinson’s disease, turning away from tunnel vision on the basal ganglia and 

reverting to reliance on autopsy studies shall inform this connection moving 

forward (Nedelska et al., 2015; Turner et al., 1997). 

IIIc. Parkinson’s disease 

The main focus of this chapter, given the extensive prior discussions on 

how small changes in neural oscillations might affect anatomy, and the age-

related changes in oscillations with aging, will be work described in Appendix 

Ab. PD is a devastating neurodegenerative disease currently affecting an 

estimated 10 million worldwide. Dopaminergic neurons within the substantia 

nigra are primarily affected by this disease. The reason why these particular cells 

are so susceptible is still up for discussion, in part due to the fact that the genes 

implicated in Parkinson’s disease are not restricted to the substantia nigra. 
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There are a number of causes of Parkinson’s disease, from genetic to 

environmental and the ever elusive idiopathic. While the distinction is made 

between genetic and environmental, only a few genetic factors have even been 

identified and the environmental contributors are varied and conflicting at best. 

Environmental factors such as pesticide exposure, occupation, blood urate levels, 

NSAID use, brain injury, and exercise have been identified as having limited 

relationships to PD (Kieburtz and Wunderle, 2013) but it is a notoriously difficult 

task to isolate a single environmental factor out of hundreds if not thousands 

(Perkins et al., 2017) – only very strong correlations to PD symptoms or incidence 

will remain after statistical corrections.  

There are a handful of genes that have been implicated in the development 

of Parkinson’s disease and the majority of these genes have been otherwise 

implicated in mitochondrial function and regulation (Jin et al., 2014; Schapira et 

al., 2014; Shaltouki et al., 2018; Singh et al., 2018) and thus has spurred some 

discussion into whether PD is, at its heart, a mitochondrial dysfunction. To this 

end, mitochondrial dysfunction would most certainly relate to the activity 

experienced and performed by substantia nigra cells. Most implicated is the 

PARK 8 gene, which encodes the LRRK2 enzyme (Thaler et al., 2009), and 

whose mutations are recognized as the most common genetic cause of 

Parkinsonism to date, as an autosomal dominant, late-onset version (Saunders-

Pullman et al., 2018). While the role of this enzyme is to positively regulate 

autophagy through a calcium-dependent activation of the CaMK2/AMPK 

signaling pathway (Bedford et al., 2016), the most common mutation of the 
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enzyme, G2019S, results in a more active LRRK2 enzyme, effectively 

upregulating its activity. Because this enzyme has functional interactions with 

calcium channels, it elicits higher intracellular calcium concentrations (Beccano-

Kelly et al., 2014). While it could be the calcium increase alone that triggers the 

excitotoxicity that DA substantia nigra cells are so vulnerable to, it also has some 

other downstream effects, including excess autophagy of mitochondria (through 

potential phosphorylation of BCL2, an apoptosis regular gene, reducing 

mitochondria membrane potential, and in turn triggering mitophagy) and 

consequent dendritic degeneration and increased glutamatergic release.  

Chan et al. 2007 found that at least in slice preparations, dopaminergic 

cells in the substantia nigra exhibit rhythmic pace-making activity. This 

oscillatory activity hinges on L-type calcium channels which, being largely 

permeable to calcium and by its very nature a long depolarization, allows for the 

intracellular entry of calcium ions and in turn beginning to trigger the very 

intracellular molecular cascade that is often endogenously used to regulate 

apoptosis but has also been implicated in glutamate excitotoxicity (Mironova et 

al., 2018; Van Laar et al., 2015; Wang et al., 2015). For this reason, glutamate 

excitotoxicity has been found to be one of the main determinants of neuronal 

death following stroke or traumatic brain injury, and is currently a high profile 

pharmacological target of treatment for said injuries (Hertelendy et al., 2018; 

Krishnamurthy and Laskowitz, 2016; Morley, 2018). 

This reliance is viewed as unusual as the cells most known to utilize these 

channels are those found within the thalamic reticular nucleus (TRN) (Cain et al., 
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2018; Hulme and Connelly, 2014; Sevetson et al., 2017; Siwek et al., 2014). The 

next logical question becomes, if TRN cells also use these channels, what 

differentiates them from those in the substantia nigra? Is it simply the duration of 

their use? Or are there other factors that predispose SN DA cells to death? 

Admittedly, TRN cell activity appears to be at its highest during cortical spindle 

oscillations (Piantoni et al., 2016). Given that TRN cell activity results in 

arguably the highest magnitude oscillatory activity detectable, let alone from the 

scalp, it is important to ask, especially with the known role of cortical spindles in 

long-term memory consolidation, are any other cells coupled to TRN cell 

activity? This point merits an in-depth devotion of this dissertation and begs the 

question, are SN DA cells coupled to TRN cells in any way? If this was the case, 

then regardless of how often SN DA cells utilize L-type calcium channels 

throughout the day, if they’re not subject to the same global downscaling as other 

cells during sleep, they might be further predisposed to glutamate excitotoxicity. 

As it turns out, there is plenty of suggestive evidence for functional connections, 

though simultaneous recordings between the thalamus and substantia nigra are 

relatively rare (Antal et al., 2014; Ushimaru et al., 2012).  

Another popular view that has popped up in Parkinson’s disease is that 

whether through an inability to break it down completely or in an abnormal form, 

the buildup of a metabolic/or activity dependent byproduct known as alpha-

synuclein near these cells is cytotoxic, further stressing these cells. All this is to 

say that these cells are especially vulnerable to oxidative stress, excitotoxicity, 

and overall increased levels of activity. Ultimately, everything might be boiled 
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down to the question of, “how much calcium is too much?” and may be a question 

best answered with large-scale screenings via slice work.   

However, if it were simply that SN DA cells are the most vulnerable of all 

cells within the brain to calcium, what kind of variation would we expect? Would 

not individuals who have a genetic protectant against SN DA injury experience 

systemic calcium stress in another way, in another region? While Parkinson’s 

disease has been largely described as a disease of the substantia nigra, recent 

evidence (as seen in previous chapters) has begun to implicate PD as only one 

facet of Lewy body disease, wherein vulnerable neural centers like brainstem 

regions responsible for proper muscle atonia during REM sleep can encourage the 

proliferation and aggregation of Lewy bodies in other susceptible regions. Further 

support can be found in the finding that the motor circuits that these cells are 

involved in are robust enough that classic symptomatic onset doesn’t begin until 

roughly 70-80% of dopaminergic neurons have died off in PD. Though, there’s 

some indication that other neurotransmitter systems compensate, such as 

serotonin synapses that can convert L-dopa to dopamine (Eskow Jaunarajs et al., 

2011). Indeed, before classic symptomatic onset of PD, sleep disorders, such as 

hypersomnia (Salawu and Olokoba, 2015), excessive daytime sleepiness, and 

RBD, are common (G Poryazova and I Zachariev, 2005; Kumar et al., 2002a; 

Videnovic and Comella, 2011). While the assumption might be that it’s simply 

motor tremors that disturb sleep, the connection isn’t quite clear as sleep disorders 

can precede daytime PD symptoms by a number of years, and the actual types of 

disorders exhibited can be varied. Recent studies however have shown that the 
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percentage of RBD patients to convert to PD patients is tremendous and can’t be 

ignored: following 89 patients with RBD, 30% developed neurodegenerative 

synucleinopathies (PD or dementia) in 3 years, 66% in 7.5 years (Postuma et al., 

2015). 

In light of this, the circuit responsible for REM sleep atonia has been 

explored. During REM sleep atonia spinal motoneurons receive a large amount of 

inhibition through the sublaterodorsal nucleus (SLD) while at the same time 

receiving very periodic output from motor cortex (this rhythmic motor activity is 

theorized to play a role in procedural memory consolidation). In PD it’s possible 

that this descending SLD output could be affected, leading to less activation of 

spinal motoneurons and a subsequent acting out of dreamt behavior. It is within 

this region that a number of autopsy studies of RBD patients have begun to find 

early indications of Lewy body disease (Ferman et al., 2011; Nedelska et al., 

2015).  

With this in mind, it was of primary interest to investigate neural changes 

during sleep in a PD mouse model before classical onset of PD symptoms, as one 

of the more fundamental questions out there is still whether impaired sleep is a 

contributing factor to disease progression. If one were able to identify, in a 

relatively young mouse model of Parkinson’s disease if detectable changes in 

neural activity preceded that of dopaminergic cell loss or a decrease in 

dopaminergic transmission, then one might be able to make a stronger case for 

sleep as a contributing factor to PD.  
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There are a number of causes of Parkinson’s disease, from genetic to 

environmental and the ever elusive idiopathic. While the distinction is made 

between genetic and environmental, only a few genetic factors have even been 

identified and the environmental contributors are varied and conflicting at best. 

Environmental factors such as pesticide exposure, occupation, blood urate levels, 

NSAID use, brain injury, and exercise have been identified as having limited 

relationships to PD (Kieburtz and Wunderle, 2013) but it is a notoriously difficult 

task to isolate a single environmental factor out of hundreds if not thousands 

(Perkins et al., 2017) – only very strong correlations to PD symptoms or incidence 

will remain after statistical corrections.  

There have been identified however, several genes that have very strong 

causal relationships to Parkinson’s disease. Most implicated is the PARK 8 gene, 

which encodes the LRRK2 enzyme (Thaler et al., 2009), and whose mutations are 

recognized as the most common genetic cause of Parkinsonism to date, as an 

autosomal dominant, late-onset version (Saunders-Pullman et al., 2018). While 

the role of this enzyme is to positively regulate autophagy through a calcium-

dependent activation of the CaMK2/AMPK signaling pathway (Bedford et al., 

2016), the most common mutation of the enzyme, G2019S, results in a more 

active LRRK2 enzyme, effectively upregulating its activity. Even though 

mutations in the LRRK2 only account for a small percentage of even genetic 

forms of Parkinson’s disease, identifying commonalities between genetic and 

idiopathic PD will profoundly aid our understanding of contributing factors to the 

progression of this disease. 
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The LRRK2 enzyme has functional interactions with calcium channels 

and elicits higher intracellular calcium concentrations (Beccano-Kelly et al., 

2014). While it could be the calcium increase alone that triggers the excitotoxicity 

that DA substantia nigra cells are so vulnerable to, it also has some other 

downstream effects, including excess autophagy of mitochondria (through 

potential phosphorylation of BCL2, an apoptosis regular gene, reducing 

mitochondria membrane potential, and in turn triggering mitophagy) and 

consequent dendritic degeneration and increased glutamatergic release.  

Interestingly, LRRK2-PD patients do not exhibit nearly as much REM 

sleep behavior disorder and instead report excessive daytime sleepiness and sleep 

onset insomnia (Fernández-Santiago et al., 2016). While it’s possible that 

LRRK2-PD patients may have increased cortical output to spinal motoneurons in 

REM sleep, it’s also possible that they might experience a compensatory effect 

through increased glutamatergic release through the sublaterodorsal nucleus that 

ultimately provides inhibition to spinal motoneurons. Additionally, if LRRK2 

carriers show such late-onset of PD, it’s possible that there is a break in the 

typical Parkinsonian feedback loop where typically reduced cortical activation 

would lead to less caudate putamen disinhibition of the thalamus and thus even 

less cortical activity. Potentially counteracting this feedback loop might be the 

increase in glutamate release from cortical neurons seen in LRRK2 KI mice, to 

provide caudate putamen with necessary input, and may explain why LRRK2-PD 

patients have such a late onset of symptoms.  



88 

One might expect then that with increased glutamate release from cortical 

neurons that cortical recordings might show a nonspecific increase in activation. 

As shallower PSD slopes, can arise from increased neuronal spiking activity 

(González-Villar et al., 2017) one might expect that power spectrums of cortical 

activity in LRRK2 G2019S mutants might show shallower slopes. It’s been 

suggested that synchronized neural activity is related to steeper PSD slopes, while 

desynchronized activity yields flatter slopes. The neural noise hypothesis (Cremer 

and Zeef, 1987; Voytek and Knight, 2015) suggests that shifts from pink noise 

towards white noise, resulting from an increase neural spiking activity (often 

found in higher frequencies) and will result in cognitive impairments from a 

decrease in the signal to noise ratio of neural communication. Therefore, 

shallower PSD slopes can be interpreted as an increase in neural noise. 

We also hypothesized that this cortical excitability would translate itself to 

network oscillations, namely the cortical sleep spindle. This would inform the 

field that unfortunately has few reports of changes in sleep spindles in PD 

patients, and conflicting ones at that. One study reported that spindle density was 

lower, duration was longer, frequency was reduced and amplitude was higher 

(Christensen et al., 2015); a caveat of this study however was that patients with 

sleep disorders were not included. Another study reported lower amplitude and 

spindle density of PD patients that converted to dementia than both controls and 

PD patients without dementia (Latreille et al., 2015), though patients remained on 

their various medication regimens.  
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 Cortical sleep spindles are some of the highest amplitude events in the brain, 

between 9-16Hz, lasting roughly several seconds in duration. They are seen easily on the 

scalp via EEG exclusively only during the deeper stages of NREM sleep. They are 

generated by thalamocortical interactions: more specifically, the minimal circuit 

necessary to generate spindle oscillations are the GABAergic reticular and excitatory 

thalamocortical relay cells (von Krosigk et al., 1993; Steriade and Deschenes, 1984a; 

Steriade et al., 1985), with the reticular thalamus alone acting as a true pacemaker 

(Steriade, 1994). This pace-making activity is almost exclusively due to the burst firing 

of reticular thalamic neurons which induce inhibitory postsynaptic potentials in 

thalamocortical neurons, bringing the membrane potentials into the active range of Ih 

currents. These currents will depolarize the membrane, activating low-threshold calcium 

currents, which induce burst firing in the thalamocortical neurons. These rebound spikes 

in the hyperpolarized thalamocortical neurons synchronously begin a new cycle, wherein 

they effectively recruiting more neurons in each new phase (Contreras et al., 1996), aided 

by gap junctions between thalamic reticular cells (Landisman et al., 2002). The waning 

period of a cortical sleep spindle appears to be the result of network desynchronization 

via calcium-mediated up-regulation of the hypolarization activated cation current (Ih) 

while tends to depolarize thalamocortical neurons and prevents their rebound spikes 

(Destexhe et al., 1993).  

 While vast numbers of heterogenous cortical neurons feed onto reticular neurons 

and there is some evidence for slight topography of the thalamic reticular nucleus 

(Fuentealba and Steriade, 2005), the end result of these thalamocortical interactions is 

that cortex exhibits a large, slow oscillation that appears to best synchronize with the up-



90 

states of slow oscillations (Latchoumane et al., 2017a). If delta waves are localized then 

spindles are even more so – though they seem to appear over cortical regions which have 

recently experienced some form of learning (Latchoumane et al., 2017a), and are often 

preceded by a k-complex (whose sensory input-blocking properties also correlate to 

regions of recent learning (Halász, 2016)). There are also significant differences between 

anterior and posterior cortical spindles. Anterior spindles are slower while posterior ones 

are faster (Kim et al., 2015). Are these differences functional or are they simply a 

function of the direction of propagation of the delta wave so prominently featured during 

sleep (Gennaro and Ferrara, 2003)? While this remains a somewhat fundamental issue, 

these anterior/posterior differences also correlate almost exactly with the amplitude of 

delta and alpha throughout the course of the night, as delta propagates more strongly at 

the end of the night. Furthermore, while each spindle type shows distinct patterns of 

similarity, phase synchrony, and time lags, delta waves are likely to associate with all 

types. As the reticular network exhibits a number of gap junctions whose temporal delay 

is impressively short and would essentially replicate and almost instantaneously 

synchronize huge swathes of activity across the network, the fact that there are different 

durations, amplitudes, and frequencies of spindles suggests that there are several 

mechanisms of synchrony which can emerge from the thalamus and yet are temporally 

coordinated and modified via their relevant cortical network.  

 The purpose, or at least the function, of these spindles is extremely similar to 

cortical delta waves, in that they are highly implicated in memory consolidation. It is 

important to keep in mind that phase-synchronization can be thought of as a smaller 

subpopulation of neurons being integrated into the network of a larger population. By this 
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process, the cortical region exposed to a spindle oscillation is integrated into that of a 

cortical delta wave during sleep. This is supported by the previous observation that 

spindles in different regions do appear to have various properties and indeed are 

modulated by prior wakeful activity. These integrative network amalgamations would 

appear to be the most ideal methodology for creating a disparate yet redundant network 

for long-term memory storage. The spread of the distributed network will be regulated by 

the relative spread of the relevant oscillations while the redundancy will be determined 

by the ratio of the largest oscillation to the smallest network being integrated.    

 While it has been proposed (Buzsáki, 2009) that animals with smaller brains 

would inherently exhibit cells that are more aligned into excitatory and inhibitory layers, 

or at least closer together, and if anything their coordinated oscillations such as delta 

waves, spindles, or ripples, should be of larger amplitude than that of larger organisms. 

While this makes anatomical sense, it would appear that mice do not fit these 

expectations (as seen in Appendix Ab); in fact, their cortical sleep spindles are rarely as 

punctate as their name-sake (Astori et al., 2013). On one hand, these discrepancies could 

bring into question the translatability of changes in neural oscillations found in other 

model organisms; on the other, it might also speak to the evolutionarily-developed 

effectiveness of punctate qualities of neural oscillations.   
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Figure 14. Experiment design. A) Experiment timeline consisted 

of behavioral rotarod testing the week after receival of 5 month old mice. 

B) Electrode placement 3 cortical EEG pins were placed on the left 

hemisphere, above somatosensory cortex and visual cortex while 

stereotrodes were implanted across the right hemisphere targeting key 

regions of interest (anterior cingulate cortex, motor cortex, nucleus 

accumbens, caudate putamen, hippocampal fissure, cornu ammonis region 

of the hippocampus, and somatosensory cortex). A shorted reference and 

ground electrode was placed in the cerebellum and two EMG wires were 

pushed into the neck muscle. C) Organization of each 5-hr neural 

recording session. 

 

 In order to investigate the effect the LRRK2 gene might have on 

Parkinson’s disease progression, a cohort of 15 LRRK2 G2019S BAC and 8 

C57BL/6J mice at 5 months of age were implanted with ECoG arrays composed 

of 3 cortical electrodes and recorded for a maximum 5 days in a sleep-open 

foraging task-sleep experiment paradigm (Figure 14). With this setup, mice were 
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able to be recorded during sleep for a minimum of 2 hours and experience a 

minimally disturbing task. Before implantation however, they were tested on a 

standard motor task, the rotarod. At 5 months of age, it was not expected for a 

motor deficit to reveal itself, let alone in a relatively gross measure of motor 

competency. However, it was necessary to confirm that with this model – despite 

the known objections to the BAC transgenic model due to its potential for 

multiple insertions, only recently has there been burgeoning interest in LRRK2 

and with this growth, new and improved models are becoming available. While 

these objections are not necessarily invalid, they are impractical: during the 

creation of a transgenic plasmid, the insertion of the LRRK2 gene would be 

confirmed and given the relatively enormous size of the LRRK2 gene of some 

200,000 base pairs (http://useast.ensembl.org/index.html), it would be incredibly 

difficult to mistake this on an electrophoresis gel. Despite any questions about the 

model, if anything, there would be a greater effect due to potential accidental 

overexpression. However, this particular gene mutation had been shown to not 

result in the death of substantia nigra neurons until roughly 10 months of age 

(Chen et al., 2012). Indeed, this was one of the motivating factors to choose this 

age as well as study the neuroelectrophysiology: if there was any evidence of 

disorders in an in vivo model of LRRK2-PD before classic SN cell death is 

typically found, sleep disruptions might turn out to be contributing factors.   
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Figure 15. Rotarod performance. Mice were tested on latency to 

fall on a rotarod. A) No difference was found in the mean latency to fall 

between groups on the final day of testing (n = 10 WT vs. n = 10 LRRK2; 

Wilcoxon rank sum, p = 0.0639) was no different. B) Although WT and 

LRRK2 exhibited similar mean latencies to fall, there was less variability 

in this measure for the LRRK2 mice across all trials (p = 0.0257). 

 

 Accordingly, rotarod testing consisted of 4 trials per day, over 4 

consecutive days with a 10 minute inter-trial interval. Latency to fall was 

recorded for each trial with a total of 10 LRRk2 mice and 10 WT controls. No 

difference was seen in the latency to fall on the final day of testing between the 

G2019S LRRK2 mice and the wild-type controls was seen (Wilcoxon rank sun, p 

= .064, Figure 15a). Curiously, the LRRK2 animals exhibited much more 

consistent motor performance than wild-type animals (Wilcoxon rank sum, p = 

.0257, Figure 15b).  

The rotarod task has been used extensively in the field of PD research to 

characterize motor performance and identify motor learning deficits. Though it 

has a clear outcome measure, the rotarod does not dissect motor coordination by 
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gait or timing like other motor tasks, such as open field or gait analysis. Thus, 

while a reduction in variance of rotarod performance is, to the authors’ 

knowledge, the only motor difference identified within LRRK2 G2019S mutant 

mice (at 5 months of age) thus far, it is not necessarily a deficit as median 

performance was no different between groups. Moreover, this decrease may not 

be a reliable biomarker - instead, more complex and sensitive motor tasks such as 

open field gait analyses or forelimb reaching task merits future investigation. 

 

 

Figure 16. Recordings. A) Example IMU and EMG data. For each 

mouse, 3D accelerometer data and 1-2 EMG channels were obtained. As 
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accelerometer data is subject to gravitational biases, the derivative, or jerk 

(m/s3), was calculated in each direction independently and the absolute 

value was taken (absolute jerk) and plotted in black. These can be seen to 

largely correlate with the absolute neck EMG voltages (uV), seen here in 

blue. Gray regions indicate designated pre- and post-task sleep epochs in 

the homecage while the white area represents the task epoch. B) Sample 

sleep periods from the same EMG (black) and IMU (red) traces as in A) 

with dark gray regions denoting putatively identified sleep periods. Thick 

horizontal black line represents 3 standard deviations above the mean of 

the EMG channels, while IMU signals are below 5 m/s3 (shown by thick 

horizontal red line). C) To normalize behavioral sleep analyses, the 

following calculations were restricted to the first and last hour (shifted to 

not include the first and last 5 minutes of recording) of designated sleep 

epochs. Open circles are animal averages overlaid on a boxplot where the 

horizontal line represents the median and crosses denote outliers. Animal 

averages of daily standard deviation of the number of sleep bouts within 

these periods revealed that LRRK2 mice had higher variation (p = .042, 

Wilcoxon rank sum test). D) Animal averages of daily standard deviation 

of inter-sleep intervals also showed that LRRK2 had more variation in the 

length of time awake between sleep bouts (p = .0306, Wilcoxon rank sum 

test). E) Mean proportion of the first and last hour of sleep was determined 

per session and animal, with LRRK2 mice spending less time sleeping 

than WT controls (p = .049, Wilcoxon rank sum test).  
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 Parkinson’s disease is associated with disrupted sleep (Jahan et al., 2009; 

Schrempf et al., 2014; Sixel-Döring and Trenkwalder, 2011; Stocchi et al., 2001). 

Sleep quality was assessed in LRRK2 and WT mice by evaluating EMG activity 

and head movement during the 2-hour rest periods that preceded and followed the 

foraging behavior. EMG measurements were acquired from EMG electrodes 

implanted in the neck muscle and from 3-axis inertial sensors mounted on the 

animal’s head. Thresholds for EMG/inertial measure used for identifying periods 

of sleep and activity were determined through visual inspection. An example of 

EMG and inertial measurements acquired from a single recording session is 

presented in Figure 3a. Sleep quality and fragmentation was evaluated as the 

number of sleep bouts, sleep bout duration, inter-sleep intervals, and total sleep 

duration. In order to normalize between variations in length of sleep epochs, 

analyses were restricted to the first and last hour (shifted to except the first and 

last 5 minutes) of recordings. Animal averages of the number of sleep bouts as 

well as mean sleep bout duration revealed remarkable similarity between WT 

controls and LRRK2 mice (Wilcoxon rank sum, p = .674797 and p = .722572, 

respectively; WT n = 8, LRRK2 n = 15). The standard deviation of the number of 

sleep bouts per day for each animal however showed that LRRK2 mice have more 

variation (p = .042; Figure 16c). This variation is also reflected in the standard 

deviation of inter-sleep interval durations (p = .0306; Figure 16d) though the 

mean inter-sleep interval showed no difference between cohorts (p = .165192). 

Total sleep duration was measured as the percentage of time during the rest bouts 
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that animals were immobile and a slight but significant difference was observed 

between WT and LRRK groups (Wilcoxson rank sum, p = .049, Figure 16e). 

Sleep bout lengths and inter-sleep intervals were found to be, on average, the 

same, but standard deviations of inter-sleep intervals as well as the number of 

sleep bouts revealed more variation in LRRK2 animals.  

It is highly likely that these variations gave rise to the slight but significant 

decrease in total sleep time. Most animals were recorded for 3-4 days (with a 

maximum of 5); measures of sleep fragmentation reported here are restricted to a 

total of 2 hours per day and thus, are relatively conservative. We suspect that the 

cumulative effect of sleep loss over the course of a longer recording period would 

be more apparent.  

While sleep bout length has been found, in the case of polyphasic sleep 

patterns, to reduce amount of “deep” NREM sleep stages, with no change in the 

length of “light” stages (Ball, 1992; Capellini et al., 2008), few studies have 

investigated the implications of inter-sleep intervals on memory consolidation or 

neural activity. These findings might be elucidated by utilizing further criteria, 

such as hippocampal theta/delta ratios (Wierzynski et al., 2009b), to characterize 

sleep stages and fragmentation. 
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Figure 17. Cortical power spectrums. A, B, C) No significant 

differences in raw power spectrum densities (PSD) were initially seen on 

any ECoG electrodes, exclusively during putatively identified sleep 

periods (thick black lines are animal averages of 8 WT, blue = 15 LRRK2 

mice; thin lines are SEM). D, E, F) Common average referenced (CAR) 

PSDs, by session, normalized by area-under-the-curve (AUC) for each 

electrode region only during sleep. G, H, I) Open circles are animal 

averages overlaid on a boxplot where the horizontal line represents the 

median and crosses denote outliers. Animal averages of AUC-normalized 

CAR PSDs per region show a shallower slope for LRRK2 mice suggesting 

lower synchronization of neural populations (Wilcoxon rank sum test, 

S1HL p = .0129, S1Tr p = .0306, V1 p = .0033).  
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As shallower PSD slopes often appear to arise from increased neuronal 

spiking activity (González-Villar et al., 2017) it was hypothesized that power 

spectrums of cortical activity in LRRK2 G2019S mutants would exhibit shallower 

slopes, relating to a decrease in the signal to noise ratio of neural communication 

(Cremer and Zeef, 1987; Voytek and Knight, 2015). Accordingly, power by 

frequency was calculated with a multitaper power spectral density (PSD) estimate 

for each ECoG electrode (the trunk and hindlimb regions of S1, and V1). These 

analyses were restricted to periods of sleep, as designated by both IMU and EMG 

data, within the first and last hour of the recording (shifted to exclude the first and 

last 5 minutes). Values were averaged by day and subsequently by animal. 

Importantly, no differences were seen across any of the most common frequency 

bands (delta 1-4Hz, theta 5-9Hz, alpha 8-12Hz, sigma 9-16Hz, beta 12-30Hz, low 

gamma 30-40Hz), even before multiple-comparison corrections, between the raw 

power spectra of WT and LRRK2 mice (p > .05, Kruskal-Wallis; Figure 17a, b, 

c).   

All ECoG electrodes were initially referenced to an electrode placed above 

the cerebellum, but CAR was implemented to identify more local neural signals 

(Ludwig et al., 2009). AUC was used to determine if the slope of the power 

spectra, or neural synchronization  (González-Villar et al., 2017b), differed 

between LRRK2 and WT animals. After CAR and AUC normalization, LRRK2 

PSD slopes, averaged by mouse, were found to be flatter (Wilcoxon rank sum 

test, S1HL p = .0129, S1Tr p = .0306, V1 p = .0033) than that of WT controls, 
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suggestive of neural desynchronization (Figure 17g, h, i) (Cremer and Zeef, 

1987; Voytek and Knight, 2015).  

While the ECoG electrodes were of fixed sizes, distances, and impedances 

and were placed stereotaxically on the surface of the brain, there is a chance that 

slight variations in dorsal-ventral placement could induce such inter-electrode 

hyposynchrony. A succinct biological explanation would be that increased 

cortical glutamatergic output in LRRK2 animals results in more multi-unit 

activity but lower neural synchrony. This could be shown more definitively via 

depth electrodes, spike sorting, and cross-correlograms with the hypothesis that 

fewer neurons would show significant cross-correlograms (indicative of single 

synapse delays) with other recorded neurons in LRRK2 mice. 

 

 

 

Figure 18. Spectrogram, raw and filtered signal of somatosensory 

trunk spindle. The raw down-sampled (500Hz) trace is in white, while the 

filtered (8-18Hz) is in magenta. Green and red lines depict the start and 

end times, respectively, of the detected spindle. Yellow line is a power 
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spectrum normalized to the start and end times (in green and red), with the 

frequency of highest power nearest to the end time. These are overlaid on 

a spectrogram illustrating power changes in various frequency bands over 

time, with the relative peak of the detected spindle in peach.  

 

As cortical sleep spindles are some of the highest amplitude events in the 

brain and are generated by the interaction between the thalamus and cortex, 

evidence for enhanced cortical synaptic excitability in LRRK2 mutations led to 

the hypothesis that increased cortical glutamatergic output would result in higher 

spindle power. To investigate this hypothesis, we extracted key features of each 

identified spindle: power, frequency, and duration (Figure 18). duration was only 

significantly different in the most anterior electrode, that over the hindlimb region 

of S1 (p = .0108; Figure 19a) and the frequency of spindle oscillations did not 

differ between groups (S1HL p = .3171, S1Tr p = .6748, V1 p = .9229; Figure 

19d, e, f). Spindle power was significantly increased in LRRK2 animals relative 

to WT animals more notably in posterior electrodes, specifically the trunk regions 

of both S1 and V1 (S1HL p = .1857, S1Tr p = .0420, V1 p = .0219; Fig. 5b).    
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Figure 19. Cortical sleep spindle features. A, B, C) Length of each 

spindle was quantified and averaged per day per mouse. Open circles are 

animal averages overlaid on a boxplot where the horizontal line represents 

the median and crosses denote outliers. A significant difference was seen 

between spindle lengths on the most frontal cortical electrode, with 

LRRK2 exhibiting longer anterior spindles than WT controls (Wilcoxon 

rank sum test, p = .0108). No differences were seen on more posterior 

electrodes (p = .2868, p = .2324). D, E, F) Animal averages of spindle 

frequency as determined by power law normalization of each spindle PSD 
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and identification of the frequency of peak power. No difference was 

observed in spindle frequency between LRRK2 and WT mice at any 

location (p = .3171, p = .6748, p = .9229). G, H, I) Bandpower within 9-

16Hz was calculated for each spindle and averaged per day per mouse. 

LRRK2 mice exhibit higher amplitude spindles in posterior electrode 

locations than WT mice (p = .1857, p = .0420, p = .0219). 

 

 Spindles are indicative of changes in sensory processing, cortical memory 

consolidation, and rule-based learning as they tend to occur more often over 

regions responsible for learning tasks that were performed before the onset of 

sleep. Spindle amplitude differences between LRRK2 and WT mice were seen but 

interestingly biased towards posterior regions of the cortex.  

The spindle generation mechanism involves heterogeneous cortical 

glutamatergic input to the thalamic reticular nucleus (TRN) which provides 

inhibitory connections to the thalamus subsequently feeding out to cortico-cortical 

circuits. Consequently, it is conceivable that either these posterior cortical regions 

have stronger reciprocal TRN connections or have stronger cortico-cortical 

connections in LRRK2 G2019S BAC mice. As any increase in cortical activity 

could affect cortical glutamatergic input to basal ganglia neurons and slow 

clearance of cytotoxic metabolic byproducts within the affected region, this 

finding should be further inspected as not just a potential biomarker but also for a 

role in LRRK2 PD disease progression. 
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The neural circuit driving the spindle oscillation is well-characterized 

(Steriade and Deschenes, 1984b) and highly comparable between rodents and 

primates, facilitating translation of observations across species. Moreover, these 

findings suggest that altered sleep and spindles precede significant changes in 

dopaminergic transmission seen at 19-20 months of age in the LRRK2 mutation 

(Ramonet et al., 2011). Thus, the identification of physiological signatures of 

altered network communication in LRRK2 animals during sleep described here 

could serve as a diagnostic biomarker for the progression of LRRK2 PD and 

contribute to the understanding of systems-level mechanisms underlying the 

disease. 

 Given that the beginning of sleep disruptions are observed in LRRK2 mice 

with a significant reduction in the proportion of time slept, which appears to have 

some kind of interplay with the extreme variance in both the number of sleep 

bouts and length of intersleep-intervals, it is not outrageous to claim that LRRK2 

mice display some amount of sleep deprivation. It is entirely likely that the 

cumulative detrimental effect of sleep deprivation could eventually become the 

status quo of the neural system. Indeed, we can see from (Meisel et al., 2017), 

after sleep deprivation we can see that the slope of power spectral densities, or 

PSDs of neural oscillations becomes more shallow and consequently more 

positive. Though there appears to be a rebound effect after recovery, these 

periodic disruptions could have more permanent effects. This is arguably 

exemplified in this similarly shallower and more positive power spectral slope in 

older adults compared to younger adults (Kaczorowski et al., 2012; Voytek et al., 
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2015). Given that these shallower PSD slopes, in aging, sleep deprivation, and a 

mouse PD model, can arise from increased neuronal spiking activity, it’s relevant 

then that another study has shown that metabolic clearance within the interstitial 

space is modulated by neuronal excitation (Shi et al., 2015). The neural noise 

hypothesis (Cremer and Zeef, 1987; Voytek and Knight, 2015)suggests that shifts 

from pink noise towards white noise, resulting from an increase neural spiking 

activity (often found in higher frequencies) and will result in cognitive 

impairments from a decrease in the signal to noise ratio of neural communication. 

Therefore, shallower PSD slopes can be interpreted as an increase in neural noise. 

Future directions should inquire as to whether, essentially, increased baseline 

spontaneous firing rates that don’t synchronize into larger scale, slower 

oscillations, are the mediating factor for increased excitability and the subsequent 

increased metabolic byproduct production that outweighs the speed of metabolite 

clearance mechanisms. 

 The intracellular homeostasis of α-syn requires the proper degradation of 

the protein by three mechanisms: chaperone-mediated autophagy, 

macroautophagy and ubiquitin-proteasome. Impairment of these pathways might 

drive the system towards an alternative clearance mechanism that could involve 

its release from the cell (Bedussi et al., 2015; Tarasoff-Conway et al., 2015). This 

increased release to the extracellular space could be the basis for α-syn 

propagation to different brain areas and, ultimately, for the spreading of pathology 

and disease progression. It should be noted that in that same study (Xie et al., 
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2013a), they showed that interstitial transportation during sleep can be replicated 

with ketamine anesthesia – and could be a future treatment.  

In essence, within the most common PD genetic mutation (LRRK2-

G2019S) there are clear behavioral and neural sleep disruptions, even before 

documented cell death. Sleep disruptions result in increased baseline neuronal 

spiking activity and this neuronal excitation reduces interstitial flow and clearance 

of metabolic byproducts. Buildup of these metabolic byproducts result in cell 

death and neurodegeneration and future treatments could include periodic 

anesthesia. 

In conclusion, this study was able to verify that indeed the slopes of PSDs 

created from their cortical activity during sleep were shallower, showing that their 

cortical networks displayed more neural noise than that of WT mice. While there 

was some suggestion of higher spindle power detected along the most posterior 

ECoG electrodes, the effect was relatively weak. It is very possible that though 

within this particular model of PD cortical activity in vivo does reflect the 

increased glutamatergic release found in vitro, that other circuits might 

compensate for oscillatory interactions. This potential compensation via reduced 

thalamic activity especially during sleep could play into why clearance of 

metabolic byproducts isn’t as disturbed in LRRK2 carriers and why their onset is 

so delayed. While overall proportion of sleep was found to be decreased in 

LRRK2 animals, most of their behavioral sleep deficits appeared to be 

manifestations of wildly varying sleep bout and inter-sleep bout intervals, though 

average durations were relatively similar to WT controls.  
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 Given the large deficit in our current understanding of sleep and its 

contribution to neurological health, it remains difficult to distinguish between 

cause and result of the LRRK2 G2019S mutation. Recent discoveries of the 

surprising comorbidities of PD and RBD ultimately demand thorough 

investigation through longitudinal experimental manipulation of sleep patterns. In 

a small step towards this, this work is, to the authors’ knowledge, the first attempt 

in correlating the LRRK2 G2019S mutation to alterations in electrophysiological 

sleep patterns. While there are known objections to the BAC transgenic model 

due to its potential for multiple insertions, only recently has there been 

burgeoning interest in LRRK2 and with this growth, new and improved models 

are becoming available. Follow-up studies will face several questions concerning 

the findings within (decreased sleep, increased neural noise, and increased spindle 

power in LRRK2 G2019S BAC mice): 1) if they translate to human carriers of the 

mutation, 2) how sensitive is each as a potential biomarker, and 3) if and how 

they contribute to the progression of PD. 

 Ultimately, what is of important note is that these changes appear to 

precede any decrease in dopaminergic transmission that has been found to occur 

much later in LRRK2 mouse models. This may be the first step in determining 

that neural changes, and moreover, outside the basal ganglia and even brainstem, 

appear to contribute to the disease progression of LRRK2-PD.   
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Chapter Four: Conclusions and Future directions 

IVa. Pharmacological targets 

Over the course of this dissertation, quite a number of seemingly disparate 

topics have been covered and it is the author’s sincere hope that the 

comprehensive exploration of bodies of literature have begun to draw parallels 

between memory consolidated-related sleep oscillations, age-related changes in 

sleep, and the development of neurodegenerative diseases. Today the world boasts 

some 7.6 billion people. Staring at the wildly variant distributions of biology, it 

can be tempting to focus too much on describing the varied instances of diseases 

and their numerous discrepancies. However, it may not be crucial to treat each 

separately, but rather to identify commonalities between them as it is this cross-

section that will identify treatable clinical targets via pharmacology, behavioral 

treatment, or even neuroprosthetics. At the risk of sounding simplistic, the 

interactions that neurodegenerative diseases have shown with disrupted sleep are 

not easily ignored and face an unfortunate social standard. Sleep is often viewed 

as lost time and treatments for sleep disruptions or inability to maintain sleep are 

recently facing scrutiny in the wake of the opioid crisis in the United States 

(Ryan, 2018). The older drugs prescribed for sleep issues tended to be 

benzodiazepines, drugs that easily developed dependencies. Even newer drugs 

such as Ambien (zolpidem) or Lunesta (eszopiclone) are sedatives or hypnotics 

that are prone to the same potentials for addiction and abuse. Given the hesitance 

to prescribe highly abused drugs, the question becomes, where does this leave 

sleep medicine in the face of public health should these neurodegenerative 
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diseases continue to be linked to sleep disorders? What options are left to treat 

even just the 10-15% of the population suffering from insomnia or the 3 million 

people affected by narcolepsy? If these sleep disorders do indeed precede the 

development of morbidities and ultimately mortality, and yet are easily 

diagnosable, what treatments remain?  

Pharmacological treatments face their own issues of specificity, which are 

often solved at surprisingly speeds. However, a non-addictive sleep aid has yet to 

be found – melatonin is the most often recommended supplement for sleep 

disturbances (Waldron et al., 2016) and yet is still largely understudied. Limited 

studies have found melatonin to be a spindle-promoting agent (Gennaro and 

Ferrara, 2003), with a paradoxical decrease in slow-wave sleep percentage and 

activity (Dijk and Cajochen, 1997) and an increase in the amount of REM sleep; 

no studies have appeared regarding hippocampal ripples and melatonin use.  

Behavioral treatments have worked surprisingly well, especially for 

Parkinson’s disease which have involved the incorporation of large, boisterous 

movements in order to overcome the functional inhibition of motor cortex 

(McDonnell et al., 2017). While behavioral treatments from imagining large 

movements to dance therapy (Hulbert et al., 2017) have shown amazing promise, 

the unfortunate reality is that disease progression is not halted. Cells will continue 

to die and dopaminergic transmission will slowly but surely falter – indeed, the 

same goes for the most prevalent current treatment for Parkinson’s disease today: 

L-dopa (Vijayaraghavan and Radhakrishnan, 1995).   
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IVb. Future focus for electrophysiology: preplay 

Predictions can be advantageous for decision-making as they may prime 

an individual towards particular choices, increasing reaction time and response 

appropriateness (Simon and Craft, 1989). Unfortunately, despite how crucial the 

future is to our survival, people, even experts, are notoriously bad at making 

predictions (Tetlock, 2009). As prediction is the use of previous experiences to 

estimate probabilities of future events, whatever process underlies memory may 

to some degree, underlie prediction as well. Though work by Tulving (Tulving, 

2002) and Hassabis (Hassabis et al., 2007) found that patients with hippocampal 

damage, and consequent amnesia, exhibited an inability to predict the future, the 

single-neuron mechanisms of this process have proved elusive until recently. The 

conventionally known replay (Kudrimoti et al., 1999), which has been strongly 

implicated in memory consolidation, is sequential hippocampal place cell 

reactivation representing previous spatial trajectories. In contrast, preplay (Dragoi 

and Tonegawa, 2011) is the sequential activation of hippocampal place cells 

representing future spatial trajectories.  

As preplay appears to accelerate hippocampal spatial map generation and 

subsequent task learning (Dragoi and Tonegawa, 2013a, 2013b), it is possible that 

this process actively allots neuronal space for encoding information. Indeed, 

preplay of neuronal sequences may actually be organizing memories: by either 

orthogonalizing, choosing distinct, unique sequences, or generalizing, selecting 

sequences that previously encoded similar spatial trajectories. These preplay 

sequences will be chosen from the pool of available sequences from the pre-task 

sleep, and while the distribution of sequence repetition during sleep has been 
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shown to be left-skewed (Nádasdy, 2000), preplay studies haven’t identified the 

number of repetitions preplay sequences undergo. This raises several important 

questions that I aim to answer: 1) Which sequences does preplay choose from the 

available pool? And consequently, does preplay orthogonalize or generalize 

memories for encoding? 2) Does this organization of memories predict learning? 

3) Does the distribution of sequence repetition or selection of preplay sequences 

change over the course of sleep or maze exposure? 

One might hypothesize that preplay may organize memories through 

orthogonalization, choosing distinct, unique sequences, or through generalization, 

selecting sequences that previously encoded similar spatial trajectories. Should 

the hippocampus be selecting for unique sequences, we predict that patterns 

repeated least during pre-task sleep (Nádasdy, 2000) should be chosen to encode 

future behaviorally relevant spatial trajectories. On the other hand, if the 

hippocampus is specifically choosing sequences amenable to particular spatial 

layouts, we expect the most repeated patterns to be chosen. Should preplay 

sequences be chosen equally or randomly, any change in the manifold of available 

sequences will determine memory organization. Notably, both the distribution and 

the selection of patterns by preplay may be dynamic across the course of sleep or 

maze exposure. Furthermore, recall errors may correlate to the selection of 

specific sequences or particular features of the available pool of neuronal patterns. 

One would predict that single unit recordings in the hippocampus will reveal 

different preplay dynamics for novel vs. familiar mazes and may change over the 

course of a sleep period or maze exposure.  
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Should behavioral recordings be pursued in this manner than one might 

expect that upon initial exposure to the novel maze, each rat’s selection of preplay 

sequences, will consist of more distinct and orthogonalized sequences; if preplay 

selection is random, we expect a highly orthogonalized manifold. However, after 

repeated sessions, the rat may identify similarities between the novel mazes and 

begin grouping them together into the same neural sequences. This could be 

facilitated by preplay selection of more repeated sequences or a shift towards 

more repetition in the available pool. This would be consistent with reports that 

memory for context becomes much less specific with time (Wiltgen and Silva, 

2007). Additionally, we predict that recall errors will correspond to deviations 

from these network states of preplay selection or manifold distribution. Whether 

preplay or the manifold itself orthogonalizes or generalizes memories - or even if 

it is determined that preplay is simply a different form of replay - any potential 

finding will have enormous ramifications on the processes of memory encoding 

and recall, and even how sleep is viewed: “The basis for this capability may be a 

set of quasi-independent spatial reference frame representations that are 

preconfigured within the synaptic matrix of the hippocampus and related 

structures, and which permit position and direction to be updated solely on the 

basis of ideothetic information. Under this hypothesis, in a disoriented rat 

released into an unfamiliar environment, an arbitrary preconfigured reference 

frame would be selected within the hippocampus from those not currently in use.” 

(Mcnaughton et al., 1996).  
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Some studies have postulated that preplay could simulate the reward 

outcomes of future spatial trajectories (Pezzulo, 2013) and some have even gone 

so far as to draw parallels to the mental episodic simulation associated with 

prediction (Madore and Schacter, 2016). If preplay is found to organize memories 

by actively determining which sequences new memories will be encoded onto, 

this would suggest a mechanism for anticipation of new memories and spatial 

trajectories. Theory suggests that rearrangement of parts of previous experiences 

and memories may aid in making estimations about the future. Despite this 

definitional similarity between preplay and predictions as well as the established 

role of the hippocampus in memory and spatial navigation, the hippocampus 

performs little to no encoding of value (but see (Lee et al., 2012)) and thus is 

unlikely to inform predictions as to which choice would be more rewarding.  

However, a major output region of the ventral hippocampus is the ventral 

striatum, a region that responds to reward anticipation (Beck et al., 2009). 

Furthermore, replay in the hippocampus is quickly followed by replay in the 

ventral striatum (Lansink et al., 2009). Preplay within the ventral striatum may 

well encode reward-related modulation of predictive capacity. Current theory 

(Pezzulo et al., 2014a, 2014b) suggests that previous experiences, contributed by 

the hippocampus, are associated with the probability of future rewards in the 

striatum to form reward predictions about the available spatial choices. This raises 

several important questions: 1) Does ventral striatal preplay exist? 2) Is there a 

causal relationship between ventral hippocampal and ventral striatal preplay? And 

3) does ventral striatal preplay facilitate the decision-making process and if so, 
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how? Future experiments investigating this will have enormous ramifications on 

multifold decision-making processes, such as temporal discounting wherein small 

but immediate rewards are chosen over larger but delayed options, as prediction 

has been shown to counteract this effect (Schacter et al., 2012). Ultimately, these 

experiments may provide avenues for augmenting prediction by revealing its 

single-neuron correlates. 

The original Dragoi and Tonegawa papers (Dragoi and Tonegawa, 2011b, 

2013a, 2013b) strongly suggest preplay via template matching methods; that is, 

some ~10% of neural sequences in the pre-sleep corresponded to neural 

sequences found in novel environments. These were performed on several 

different mazes but the principle was the same: the ‘novel’ environment was an 

extension of a familiar track. These findings were subsequently supported by a 

number of computational papers (Azizi et al., 2013; Cona and Ursino, 2015b; 

Corneil and Gerstner, 2015). There was however, a following experimental paper 

(Silva et al., 2015) disputing this finding, saying that on completely novel tracks 

(though in the same room as each other), preplay was not evident. Eichenbaum’s 

review (Eichenbaum, 2015) suggested the difference between the 2 lab’s maze 

methodology, and that the hippocampus might utilize two modes of 

representation: “the preplay model, in which the temporal pattern organizes the 

later-acquired spatial representation, and the sequence learning model, in which 

spatial coding drives the acquisition of a temporal pattern.” Essentially, 

Eichenbaum attempted to explain this difference in findings by saying that 

preplay was only used when there was a pre-existing spatial framework on which 
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to base changes. Lastly there was another paper (Ólafsdóttir et al., 2015) that 

found that “viewing the delivery of food to an unvisited portion of an 

environment leads to off-line pre-activation of place cells sequences 

corresponding to that place” strongly supporting this conclusion.  

Hypothetically, if these claims of the same neural sequences underlying 

both replay and preplay are true, then the length of even the most extended replay 

must also be reflected in the extent of preplay. Should preplay only occur when 

travel or exploration of the environment is restricted, then that would mean that 

preplay only occurs and room for new memories are only made for areas 

surrounding our known locations. Furthermore, preplay of connected locations 

and environments can only be as large and extended as previously consolidated 

memories and are more likely relative to the size of the current, known 

environment. That is to say that if one room of a house is explored then preplay 

might only be for rooms that are directly connected and are likely assumed to be 

roughly the same size. Relevant avenues for future research might seek to 

determine what features of currently known environments influence expectations 

of unexplored terrain.  

As it has been demonstrated that aged animals have a reduced ability for 

replay (Gerard 2008), they may also reveal similar decreases in preplay either due 

to changes in the manifold of sequences to choose from or the selection of 

sequences. It is important to remember that identification of the timeline of 

degradation progression is necessary to create powerful interventions – without 



117 

understanding how hippocampal maps are initially chosen for encoding, it is 

difficult to make any claim about  

IVc. The far future 

Neuroprosthetics have been experiencing quite the rage not only in 

science-fiction movies but scientific conferences as well. Even though the initial 

assessments of the brain as an immune-privileged region have been usurped in 

favor of findings suggesting that instead it is an actively regulated site of immune 

surveillance (Negi and Das, 2018), there remain issues of rejection. One of the 

most prevalent treatments that may fit within the category of neuroprosthetics is 

that of deep brain stimulation: the insertion of a relatively massive electrode deep 

within the brain in order to alleviate tremors but again, not halting or interfering 

with disease progression (Chen et al., 2018).  

One of the more intriguing approaches of neuroscience towards these 

neurodegenerative diseases is the idea of a fully functional neuroprosthetic. The 

Berger lab out of USC has proposed a number of devices that might be able to, 

eventually, replace the hippocampus in the event of massive traumatic brain 

injury or complete degeneration via Alzheimer’s disease (Gilbert et al., 2015; 

Hampson et al., 2012, 2013; Song et al., 2011, 2014). Even though promise has 

been shown for recording, producing, and to a certain extent restoring memories 

via these prosthetics in two-choice tasks with minimal electrodes (Berger et al., 

2011), they have thus far required prior recording of neural activity, can only 

theoretically stand in place of fiber transmission and not the cells themselves, and 
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have only provided meager improvement against controls, often without shuffled 

stimulation.   

It’s possible that behavioral approaches to sleep intervention may become 

the inexpensive future of public health. Pharmacological isolation of either natural 

or endogenous sleep regulation substances might spearhead a new era of restful, 

restorative sleep. While these potential therapies might come into play within the 

next 20 years or so, eventually science and the public will be faced with the idea 

of a fully functional prosthetic. However, the author maintains that the caveat of 

this is that there are two pathways by which this could be achieved: minimally 

invasive electrodes, coupled with immunosuppressant therapy or bioengineered 

neuronal circuits developed from the patient’s stem cells (Dinh et al., 2013). It has 

been shown that fairly specific 2-D cultured neuronal circuits can be created and 

the next step will be to test theoretical neuroscience insofar as whether winner-

take-all, lateral inhibition, auto-associative, and gamma networks, as some of the 

basic building blocks of neural function as we know it (Lisman, 2015), work the 

way they have been proposed to with computer models (de Almeida et al., 2009a, 

2009b). Biological variance has always been an uncontrollable factor and being 

able to replicate in vitro findings with 3-D neuronal cultures (Tang-Schomer et 

al., 2018) would usher in a new era of personalized medicine and biologically 

viable neuroprosthetics.       
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Appendices 

Aa. Age Is Associated with Reduced Sharp-Wave Ripple Frequency and Altered 

Patterns of Neuronal Variability 

Abstract 

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 surrounding 

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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Introduction 

 

Normal aging is associated with a reduced capacity to consolidate and 

recall episodic memories (e.g., Pace-Schott and Spencer, 2014) and the neuronal 

basis for this decline is unknown. The consolidation of episodic memory is 

believed to depend on the precise coordination of networks of neurons in the 

hippocampus and neocortex. The sharp wave-ripple oscillation (O’Keefe and 

Nadel, 1978; Buzsáki et al., 1992; Csicsvari et al., 1999) represents a key 

component of this coordination as hippocampal and cortical neurons have been 

shown to preferentially communicate during these events (Wierzynski et al., 

2009). Ripples are traditionally defined as high-frequency (140 - 240 Hz) and 

brief (30 - 120 ms) oscillatory events (Buzsáki et al., 1992) generated in the 

hippocampus that impact neuronal activity in cortical (Wierzynski et al., 2009) 

and subcortical (Pennartz et al., 2004) structures.  Neuronal activity during ripples 

recapitulates segments of previous waking experience during subsequent rest 

(Kudrimoti et al., 1999; O’Neill et al., 2008).  A causal relationship between 

sharp-wave ripples and memory consolidation is suggested by the observation that 

electrical disruption of ripples in rats during rest reduces performance on 

subsequent memory-recall tests (Girardeau et al., 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 cortico-

hippocampal and striatal-hippocampal network involved in the systems-level 

consolidation of memory (Marr, 1971; McClelland et al., 1995). 

 Despite the importance of sharp wave-ripples in memory stabilization, 
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little is known regarding how ripples change during the course of normal aging. 

Results from studies using hippocampal 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 features of the 

individual ripple oscillation or the interactions between 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 between pre- and 

post-synaptic activation would, according to the STDP curve, cause exponential 

decay in synaptic strength and have cumulative effects over the course of sleep, 

ultimately affecting memory consolidation 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 
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kept on a 12:12 h reversed light cycle and housed individually. All experiments 

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

guidelines of the United States National Institutes of Health Guide for the care 

and use of laboratory animals using protocols approved by the University of 

Arizona Institutional Animal Care and Use Committee. 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 differently 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). Before surgery, rats began 

antibiotic treatments (either 10 day ampicillin cycle or 5 day sulfamethoxazole 

and trimethoprim oral suspension cycle). On the day of surgery, rats 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 
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hemispheric craniotomy made at 2.0 mm lateral and 3.8 mm posterior to bregma. 

Tetrodes were constructed of four twisted polyimide-coated nichrome wires (13 m 

diameter) and were driven to an initial depth of 1 mm at surgery. Over the next 14 

d, tetrodes were lowered to optimally record extracellular spikes from CA1 

pyramidal cells (2 mm from brain surface). Two additional tetrodes whose four 

wires had been shorted together acted as references and were placed in or near the 

corpus callosum and hippocampal fissure. A ground screw and all wires were 

secured to the skull using dental acrylic. Neural signals were amplified through a 

unity-gain headstage and programmable amplifiers (Neuralynx). 

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 
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spatial-eyeblink conditioning experiment, rats were taken to a dedicated room for 

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

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

delivered through the wires implanted in the right eyelid using a Master-8 from 

A.M.P.I. and stimulus isolator A365 from World Precision Instruments. Every 

day before the experiment, current was modulated 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 recording 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 counterclockwise 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 min. This protocol was repeated 

for 31 d. Statistical analyses. Standard parametric tests, such as Student’s t tests 

and ANOVA, were used with a p 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 

(Buzsaki and Mizuseki, 2014). In cases where such transformations did not yield 
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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 non-uniformity 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 a 4 ms 

window of data around spikes measured on the same tetrode and replacing the 

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

(80 –240 Hz) and squared. A candidate high frequency event was identified 

whether the squared power exceeded 5 SDs above the mean, lasted for at least 30 

ms, and had a peak frequency of at least 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 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 determined by first 

constructing a spectrogram using a short-time Fourier transform across the extent 

of the ripple and then identifying the frequency with the highest power. Depth of 

slow-wave modulation. Physiological quality of slow-wave sleep was determined 

by measuring the theta-delta ratio as described by Wierzynski et al. (2009), with 

values 1 indicating slow-wave sleep. Local field activity was downsampled to 2 
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kHz, restricted to periods of a minimum of 1 min of immobility, and bandpass 

filtered in the theta (6 –10 Hz) and delta (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 theta-delta 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 CA1 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 indicator 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 

(Buzsa´ki et al., 1992). To ensure that crosssession and cross-animal 

measurements were acquired at similar depths relative to the layer, tetrodes were 

subsequently selected so that the distribution 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 components (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 
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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; 

Bartho´ 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 (t 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 

coincidence 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 during postbehavior rest. This approach involved first creating 
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neuron time matrices for rest and behavioral epochs (bin size: 20 ms), and then 

using these matrices to determine cell-pair correlations during prebehavior rest, 

behavior, and postbehavior rest. Neuron time matrices for rest were restricted to 

ripple intervals. The similarity between these 3 correlation-coefficient matrices 

was compared using the partial correlation 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. Analysis was restricted to the first three epochs (rest1, behavior1, 

rest2). 

Results 

Decreased oscillatory frequency of ripple oscillations in aged rats 

As we did not know a priori if frequencies would be higher or lower in aged 

animals relative to frequencies in young animals, we used a wide bandpass filter (80 - 

240 Hz) to identify candidate high-frequency events. An acceptable event was defined as 

an event in which the power of the filtered signal exceeded 5 standard deviations above 

the mean for at least 30 ms and the peak frequency during this interval was at least 90 Hz. 

The distribution of ripple frequencies was determined by pooling all rest-

associated ripple events during a single recording session (examples in Figure 2A). The 

majority of these distributions were unimodal (89% young, 79% aged, Hartigan’s dip 

test, alpha = 0.05) suggesting that for most rest sessions, frequency varied on a 

continuum with no clear segregation of ripples into categories by frequency. In addition, 

ripple frequency distributions for young rats were more negatively skewed than for aged 

rats (p < 10-5, Wilcoxon Rank Sum, mean skewness young = -0.11 (n = 156 session), 
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aged = 0.33 (n = 113 sessions)). Because these distributions were not Gaussian, the mode 

frequency was used as the measures of central tendency (similar results were observed 

when using the mean: Supplemental Figure 1). Analysis of distribution of these modal 

frequencies in aged and young rats revealed a clear segregation with the mean ripple 

frequency being 132 Hz in aged and 146 Hz in young animals, a difference of 14 Hz 

(Figure 2B p < 10-6, Rank Sum test, n = 156 sessions young, n = 113 aged). The 

difference was also observed when averaged by animal (Figure 2C, 2-way ANOVA, 

factors: age and rest epoch, n = 6 young, n = 5 aged, effect of age p < 10-5, no effect of 

rest epoch was observed, p = 0.98.). The session-averaged power spectra and averaged 

ripple distributions are presented in Supplemental Figure 2. 

Ripple frequency decreases during post-behavior rest in both aged and young animals 

Memory-trace reactivation in the hippocampus, a potential neural signature of the 

consolidation process, decays to near baseline ~20 minutes following behavior 

(Kudrimoti et al., 1999b). Given the association between reactivation, ripple oscillations, 

and memory consolidation, it is conceivable that changes in ripple features also change 

over the course of post-behavior rest. Analysis of ripple frequencies throughout rest 

(Figure 3) indicates a clear decline in both young and aged animals during post-behavior 

rest (Figure 3B and D). The decline is more evident when between-session variation in 

mean ripple rates is controlled by standardizing (Z scores) the curve for each session 

prior to averaging (Figure 3D, Pearson’s ryoung = -0.29, raged = -0.35). No difference in the 

slope of aged and young rats was observed (T-test, p > 0.05). 
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No age-associated difference in ripple duration                                                    

Given the notable slowing in oscillatory frequency observed in aged rats, it is 

conceivable that ripples last longer in aged animals such that the average number of 

cycles remains comparable between young and old rats. However, no difference in mean 

ripple duration was observed (p = 0.72, Wilcoxson Rank Sum test, mean young = 52.2 

ms, mean aged = 51.8 ms, n young = 156, n aged = 113). 

Ripple density is reduced in aged rats 

Ripple density during rest increases following a new learning experience (Eschenko et 

al., 2008). We investigated the hypothesis that the rate of occurrence (density) of ripple 

events during rest is reduced in aged animals. Density was measured as the number of 

ripple events for each 5-minute window following the start of pre- or post-behavior rest. 

Aged rats expressed a significantly reduced rate of ripple events during post- but not pre-

behavior rest (Figure 4A; Pre-behavior rest: p > 0.05; 2-Factor ANOVA (age, time); 

Figure 4B; p < 10-4; ω² = 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. To address this, measures of movement (see Methods) and depth of slow 

wave modulation were analyzed in aged and young rats. We observed that aged animals 

actually exhibited significantly less movement during pre- and post-behavior rest relative 

to young animals (Figure 4C, D; p < 10-4; 2-Factor ANOVA (age, time)). Analysis of the 

physiological quality of slow-wave sleep (theta/delta ratio of local-field activity measured 

during non-movement periods (Wierzynski et al., 2009a)) revealed that aged animals had 

a lower theta/delta ratio during and post- but not pre-behavior rest (p = 0.00003, Kruskal-

Wallis test, post-hoc test ppre = 0.57, ppost = 0.03). This observation, along with the 
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analysis of movement during rest, indicate that reduced ripple density and frequency in 

aged animals is not due to reduced sleep quality.  

Ripple-triggered firing rates are similar in young and aged animals 

To investigate age-related differences in firing activity during ripples, firing 

responses of principal cells and interneurons were aligned to the onset of high-frequency 

events and the ripple-triggered responses were analyzed. 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 (Figure 5A).  Two-way ANOVA (factors: age and time 

interval) of the log-normalized firing activity of principal cells (Buzsáki and Mizuseki, 

2014) for the interval preceding (-400 to -200 ms prior to ripple onset), during, and after 

(+200 to +400 ms following ripple offset) revealed a small main effect of age (p < 10-5, 

ω2 = 0.001, n young = 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 difference in rate (~0.06 Hz) was observed in periods before and after the 

ripple (Figure 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 (Figure 5C, 

p < 10-6, t-test). The same set of analyses was performed with interneurons (Figure 5D-F. 

n young = 431, n old = 142). No main effect of age was observed (ANOVA, p = 0.44). 

To summarize, ripple-triggered activity in principal cells and interneurons was largely 

similar in aged and young animals.  
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Inter-ripple variation in firing activity is reduced in aged rats 

 It is conceivable that physiological changes associated with aging result in 

alterations in the reliability and precision of neuronal responses. Increased variability 

could reflect non-information bearing “noise” in the input to CA1 (e.g., due to synaptic 

noise), or, alternatively, how many unique states are imposed by cortical or CA3 input 

onto CA1. To examine this variability, the Fano factor (variance/mean) was determined 

for the vector of spike counts created by counting the number of spikes occurring within 

each 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 periods during and surrounding each ripple (Figure 6, principal 

cells: 2-way ANOVA, factors: age, interval, pinterval < 10-10, ω2 = 0.02, page < 10-10, n 

young = 3900, n old = 1787; Interneurons: main effect of age p < 10-10). There was a 

significant reduction in the Fano factor during the ripple relative to pre- and post-ripple 

periods (p < 10-4, Tukey-Kramer, post-hoc test). There was an increase, however, in the 

post interval relative to the pre (p < 10-5). Similar results were observed for interneurons, 

with a main effect of age (p < 10-10, n young = 431, n old = 142).  

In order to determine if the magnitude of the effect was larger in variance or firing 

rate (Figure 5), we compared effect sizes (Cohen’s d). The effect sizes for age-related 

changes in variability (Fano factor, Figure 6) was at least twice as large as effect sizes 

measured between age groups for firing rate (Supplemental Figure 3). This indicates 

that age exerts a greater impact on Fano factor than it does on firing rate. 
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Age-related differences in variance of short-latency inter-spike-interval timing in 

principal cells and interneurons 

Given the observed reduction in variability between ripple events in aged animals, 

it was conceivable that neurons in aged animals express lower variance in their inter-

spike timing during ripple oscillations. To investigate this, the vector of inter-spike-

intervals (ISIs) was determined for each neuron, and the distribution of these intervals 

was examined. Analysis was restricted to ISIs that occurred during ripple events. 

Furthermore, neurons with fewer than 20 action potentials during rest were eliminated 

from the analysis. Mean ISI distributions were created by averaging across principal cells 

and interneurons in aged and young rats (Figure 7). 

Analysis of the distribution of ISIs of principal cells in aged and young animals 

revealed clear peaks between 3 and 9 ms (intervals of 333 and 111 Hz, respectively) 

(Figure 7A). 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). 

Analysis of the variance of ISIs for intervals < 10 ms revealed that ISIs for aged animals 

were more variable than in young animals (Figure 7A inset, t-test, p < 10-10, n young = 

2714, n aged = 994). In contrast to principal cells, the Fano factor was lower for 

interneurons in aged rats than in young rats (Figure 7B inset, t-test, p < 0.03).  

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

oscillation 

Spike-phase coding may serve to enhance encoding of stimuli and locations 

(Kayser et al., 2009; O’Keefe and Recce, 1993). Thus, we examined phase coupling of 

spiking activity to the ripple oscillation. Analysis of the timing of individual spikes 
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confirms previous reports (Buzsáki et al., 1992) that action potentials of phase-locked 

principal cells tend to occur near the trough of the oscillation (Figure 8A,B). We 

observed, that, on average, neurons in aged rats fired at later phases (closer to the trough) 

relative to young animals (Figure 8C; circular median test; p < 10-5). Examination of the 

distribution of the preferred phase of each neuron (Figure 8B) suggested that principal 

cells in aged animals responded to a narrower 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 (Figure 8D; circular 

median test, p < 10-3, n sessions young 173, n sessions old 111). Although the proportion 

of neurons that expressed significant phase locking (Fisher’s Z test; α threshold = 0.05) 

was nearly identical in aged and young rats (young = 69%; aged = 66%); the magnitude 

of phase locking (measured as Rayleigh z) was lower in aged rats (Figure 8E; p < 0.05, n 

young 2727, n aged 1245, Cohen’s d = 0.08). This result is consistent with the increased 

variability of ISIs observed in aged rats (Figure 6). As with principal cells, interneurons 

expressed significant phase locking and neurons in aged rats fired at later phases relative 

to neurons in young rats (Supplemental Figure 4). 

[Figure 8 near here] 

Reduced memory-trace reactivation in aged rats may result from decreased ripple density 

The reactivation of patterns of single-unit activity related to recent experience 

during post-behavior rest are likely to contribute to memory consolidation (Born and 

Wilhelm, 2012a; Pavlides and Winson, 1989; Wilson and McNaughton, 1994). We used 

the partial correlation measure of reactivation (Kudrimoti et al., 1999b) to evaluate the 

extent to which the pattern of cell-pair correlations identified during behavior is similar to 
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the pattern observed during post-behavior rest (see Methods). Reactivation was larger in 

sessions from young rats (Supplemental Figure 5A, p = 0.0006, Cohen’s d = 0.33, t-test, 

n = 151 sessions young, n = 85 sessions aged). To determine if this difference could be 

due to the reduced ripple density observed in aged rats (Figure 4), the analysis was 

repeated, but the time spent during sleep was held constant. This was accomplished by 

restricting the analysis to the first 12 seconds of accumulated ripple time (this 

corresponds to approximately 230 ripples in each rest epoch for both age groups). This 

restriction eliminated the age-related difference in reactivation (Supplemental Figure 

5B, p = 0.16), suggesting that reduced reactivation in aged animals was due to reduced 

ripple density. 

Discussion 

The main novel findings in the present experiment are the observations that aged 

rats show a selective reduction in the rate of occurrence of ripple events (ripple density) 

during post-behavior rest and express a 14 Hz reduction in the frequency of the ripple 

oscillation. Hippocampal cells are hypothesized to participate in the replay and 

consolidation of recent experiences during post-behavior rest. Additionally, aged animals 

expressed lower variance of spiking between ripple events, less precise spike timing 

within ripples, and a reduced range of phases at which spikes occur. This suggests that 

ensembles of CA1 neurons explore a more limited number of states during rest relative to 

young animals. One consequence of these changes could be to impact the effectiveness of 

memory consolidation. 
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Ripple density is reduced during post-behavior rest in aged animals 

 Aged animals expressed a notable reduction in the density of high-frequency 

events during post- but not pre-behavior rest (Figure 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 (Mölle et al., 2009). For example, cortico-thalamic spindle 

density, amplitude, and duration are reduced in aged human subjects (Crowley et al., 

2002b; Guazzelli et al., 1986b; Nicolas et al., 2001b; Principe and Smith, 1982b; Wei et 

al., 1999b). A reduced ripple density in post- but not pre-behavior rest is consistent with 

our observation of an age-related reduction in reactivation strength (Supplemental 

Figure 5), and suggests 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 (Figure 2). Although the mechanisms underlying 

this reduction are unknown, recent data suggest that the frequency of oscillations in CA1 

is regulated by the strength of input from CA3 (Sullivan et al., 2011b). This conclusion 

follows from the observation that the magnitude of CA3 input to CA1 is positively 

correlated with ripple frequency (Sullivan et al., 2011b). Furthermore, targeted post-

training CA3 lesions result in reduced ripple frequency in CA1 in mice (Nakashiba et al., 

2009).  Because aging is associated with reduced functional synaptic innervation of CA1 

from CA3 (Barnes and McNaughton, 1980; Geinisman et al., 1992), this reduction in 

synaptic drive could contribute to the observed decrease in frequency reported here.  
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A possible consequence of the generalized reduction in oscillatory frequency 

observed in aged animals is a reduction of the efficacy of spike-timing dependent 

plasticity (STDP) (Bi and Poo, 1998b). STDP requires that the temporal delay between 

pre- and post-synaptic activation be on the order of 10 - 15 ms. The activity of neurons 

during ripple oscillations is phase locked near the trough of the ripple (Buzsáki et al., 

1992) (Supplemental Figure 4). 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.  Although 

this difference may appear to be small, the exponential decay of the STDP curve and the 

cumulative effect of such changes over the course of sleep could have considerable 

impact. Thus, an age-related reduction in ripple density and frequency may act 

synergistically to reduce the efficacy of consolidation.  

Normal aging is associated with altered patterns of neuronal variability within and 

between ripple events 

Although there is growing evidence that normal aging alters single unit activity 

during active spatial behavior (Oler and Markus, 2000; Rosenzweig and Barnes, 2003; 

Tanila et al., 1997; Wilson et al., 2005), far less is understood regarding aging’s impact 

on activity during rest. It is known that aging does not alter mean firing rates during rest 

(Smith et al., 2000), and the impact of age on ripple-triggered activity is relatively small 

(Figure 5). No experiment, to our knowledge, has studied the impact of normal aging on 

neuronal variability. Such an investigation is important as changes in the variance of 
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neuronal responses both within and between ripple events could alter the fidelity by 

which neuronal states are reactivated, for example, during post-behavior rest.  

Two forms of neuronal variability were investigated in the present study: 

variation in inter-spike timing within a ripple and variation in ripple-to-ripple activity. 

Examination of inter-spike timing revealed that principal cells in aged animals express 

increased variability relative to young animals for short inter-spike intervals < 10 ms 

(Figure 7). On the other hand, variance of short inter-spike intervals of interneurons was 

lower in aged rats.  

Investigation of the ripple-to-ripple variability of single-unit responses revealed 

that principal cells and interneurons responded more reliably in young animals (Figure 

6). This observation suggests that populations of CA1 neurons activate fewer unique 

neuronal ensembles in old rats through the course of sleep. The observed reduction in 

variance could result from physiological changes known to accompany aging. For 

example, aging is associated with reduced synaptic input into CA1 (Barnes, 1994) and an 

increase in gap junctions between hippocampal neurons (Barnes et al., 1987). Both 

factors could reduce the number of population states triggered in CA1 from inputs 

arriving from the entorhinal cortex or CA3. Future studies are required to determine if 

such altered variability contributes to age-associated memory decline. One might be 

tempted to speculate that treatments that alter variability in neuronal activity in the aged 

brain could improve consolidation processes. 
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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 (Buzsáki et al., 1992), and individual neurons express tuning to 

specific phases around the trough (e.g. Figure 8). Spike-phase coupling represents a 

possible strategy for encoding more information beyond what can be represented in firing 

rate (O’Keefe and Recce, 1993). 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 (Davidson et al., 2009b; 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 impact memory encoding or retrieval. 

Our analysis of single unit responses to phases of the ripple oscillation revealed 

that principal cells in aged rats become active later in each ripple cycle and are tuned to a 

narrower range of phases (Figure 8).  If spike-phase coupling is important for neural 

coding (O’Keefe and Recce, 1993), then the reduced range of phases observed in aged 

rats suggests that these animals may have a more limited range of states from which to 

encode new information. Similarly, the reduced degree of ripple-to-ripple variation in 

spiking activity observed in aged animals (Figure 6) suggests that the hippocampus in 

aged animals explores fewer unique states during rest. Future computational analyses 

could be undertaken to investigate this hypothesis. 
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Figure 1 Behavioral paradigm and an example of a low- and high-

frequency ripple oscillation recorded during rest. A) Schematic of the 

behavioral paradigm. A daily recording session consisted of two 

behavioral epochs surrounded by a pre- and post-behavior rest period. B) 

Top: LFP of a ripple (peak frequency: 187 Hz). Colored dots indicate 

action potentials from simultaneously-recorded neurons. Color indicates 

neuron identity. Bottom: Fourier spectrogram. Zero on the x axis 

indicates ripple onset. C) A second example. Ripple peak frequency: 

128Hz. 
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Figure 2 High-frequency oscillations are slower in aged rats. A) 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, alpha = 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 Hz lower in aged animals (p < 10-6, Rank Sum test, mean aged = 132 Hz, mean 

young = 146 Hz). Solid vertical lines indicate the mean, dashed lines indicate SEM. C) Averaged by 

animal: A single mean oscillatory frequency was calculated for each rat (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 < 10-5) but not of epoch (p = 0.98). 
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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 minutes 

of pre-behavior rest (n young = 156, n aged = 113 

sessions). Asterisks indicate a significant regression 

(p < 0.05). B) A decline in frequency was observed 

during post-behavior rest in aged and young rats. C 

and 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 < 10-4 and slopes were not different 

between aged and young animals (t-test, p > 0.05).  
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Figure 4. Ripple density was higher during post-

behavior rest and overall movement during rest 

epochs was greater in young rats. A) Ripple 

density following the onset of the pre-rest period. 

A main effect was observed for time (p < 10-4, 

ANOVA, ω² = 0.03), but not age (p > 0.10). B) 

Young animals expressed a higher ripple rate 

during post-behavior rest (p < 10-4, ANOVA, 

effect of age ω² = 0.02). C and D) Movement in 

aged and young rats decreased following rest 

onset during pre- (C) and post-behavior (D) 

periods. Young rats showed a higher degree of 

movement during pre- and post-behavior rest 

than did aged rats (p < 10-4, ANOVA. pre age ω² 

= 0.19, post age ω² = 0.10). Error bars indicate 

SEM. 
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Figure 5. Responses of principal cells and interneurons in aged and young rats. A) Average of the 

peri-event 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 -400 to -200 ms interval 

before ripple onset, during the ripple, the 200 to 400 ms window after ripple offset, and inter-

ripple periods. 2-way ANOVA (age and interval) indicated a main effect of interval (p < 10-7), and 

a small main effect of age (p < 10-5, ω2 = 0.001). Asterisks indicate significant (p < 0.05) age-

related differences (Tukey-Kramer post-hoc test). C) The difference in firing rate before and after 

the oscillation was significantly shifted to the right for young (p < 10-6, t-test) and aged rats (p < 

10-5, t-test), indicating an increase in firing rate following ripple oscillations. D) Peri-event 

average response of interneurons to ripple oscillations (n young = 431, n old = 142). E) Mean 

firing rate and SEM for interneurons as described for principal cells in B. 2-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, t-test).  

 

.  



182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Inter-ripple variability of principal cells and interneurons in aged and young rats. 

A) Peri-event 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) 2-way ANOVA (age and 

interval) indicate a main effect of interval (pinterval < 10-10), and a main effect of age (page < 

10-10, ω2 = 0.02). Asterisks indicate significant (p < 0.05) age-related differences (Tukey-

Kramer post-hoc test). C) To determine if 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, t-test) 

and aged rats (p < 10-7, t-test), indicating an increase in variance following ripple 

oscillations. There was no effect of age (p = 0.08, t-test). D) Peri-event average of the Fano 

factor for interneurons (n young = 431, n old = 142). E) As in B. 2-way ANOVA (age and 

interval) indicated a main effect of interval (p < 10-7), and a main effect of age (p < 10-7, ω2 

= 0.03). F) The distribution of differences were not significantly shifted for young or aged 

rats (p > 0.05, t-test). 
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Figure 7 Within-ripple variance for short-latency (< 10 

ms) inter-spike intervals (ISIs) is greater in principal 

cells but lower in interneurons in aged animals. A) 

Mean and SEM of ISI histograms for principal cells in 

aged and young rats (n young = 2714, n aged = 994). 

Prior to averaging, the ISI histogram for each neuron 

was normalized by dividing by the total number of 

observations. Asterisks indicate points along the x axis 

that were significantly different following Tukey-

Kramer post-hoc comparisons (p < 0.05). Inset: 

Variance (Fano factor) in short-latency ISI interval 

timing (< 10 ms) was higher in aged rats (t-test, p < 10-

6). B) Same as in A, except for interneurons (n young = 

480, n aged = 155). Inset: In contrast to principal cells, 

the Fano factor was lower for interneurons in aged rats 

than in young rats (t-test, p < 0.03).  
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Figure 8. Principal cells in aged rats respond to a narrower range of 

phases of the ripple oscillation and are active closer to the trough of 

the oscillation. A) Spike-triggered average of the unfiltered LFP signal 

triggered on the action potentials of principal cells during ripple 

oscillations. The plot indicates that during ripple oscillations, spikes 

tended to occur near the trough and on the falling phase of the 

oscillation. B) Distribution of preferred firing phase of principal cells 

to the ripple oscillation (n young = 2727, n aged = 1245). Black line 

depicts an idealized cycle. Vertical red dashed line indicates the trough 

of the oscillation. C) Neurons in aged rats respond closer to the trough 

of the oscillation (circular median test; p < 10-5, Cohen’s d = 0.62). D) 

Neurons in young rats responded to a wider range of preferred phases 

than cells in aged animals. The spread (standard deviation) of 

preferred phases of principal cells was calculated for each recording 

session and then averaged across sessions for aged and young rats (p < 

10-3, n sessions young 173, n sessions old 111, Cohen’s d = 0.3). E) 

The magnitude of phase locking (Rayleigh's Z) was reduced in aged 

when compared to young rats (p < 0.05, n young 2727, n aged 1245, 

Cohen’s d = 0.08). 
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Supplemental Figure 1 Slower ripple 

frequencies are observed in aged rats 

when the mean instead of the mode of 

the distribution is used. Analysis 

performed as described in Figure 2C. 
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Supplemental Figure 2. Probability distributions of peak 

frequencies and average power spectra for young and aged rats. A) 

For each session, the histogram of the distribution of peak 

frequencies was computed (e.g., Figure 2A). These histograms 

were averaged for aged and young rats and by rest epoch. The 

mode of the distribution for aged rats was shifted to the left. B) The 

mean spectral density plot for all oscillatory events (90 - 240 Hz) 

was determined for each session and averaged across sessions (n = 

186 sessions young, n = 139 sessions aged). These results indicate a 

global shift to lower frequencies in aged rats. 
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Supplemental Figure 3. 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 were made 

for each interval (see Figure 5B and 6B). Cohen’s d for 

Fano factor was at least twice as large for all age 

comparisons. 



188 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 4. Histogram of 

the mean phase response of all 

interneurons that exhibited significant 

phase locking (n young = 413, n old = 

192). Neurons in aged rats fired at later 

phases of the oscillation (circular 

median test; p < 0.05, median phase 

young = 159 degrees, median old = 162 

degrees, Cohen’s d = 0.11). Black line 

depicts an idealized cycle. Red dashed 

line indicates the trough of the 

oscillation. 
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Supplemental Figure 5. Ripple density may 

underlie reduced reactivation in aged rats. A) 

Cell-pair reactivation was greater in young rats 

(p = 0.0006, Cohen’s d = 0.33, t-test, n = 151 

sessions young, n = 85 sessions aged). B) To 

assess whether this difference could be due to 

the reduced ripple density observed in aged rats, 

the total ripple time per rest epoch was held 

constant (12 seconds). Differences between aged 

and young animals were not significant (p = 

0.16) after imposing this restriction. 
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Ab. Altered sleep structure and physiology in a transgenic LRRK2 mouse model of 

Parksinon’s Disease 

Abstract 

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are a common 

genetic cause of Parkinson’s disease (PD), with the LRRK2 G2019S mutation 

being the most common. Few biomarkers or distinct characteristics of disease 

progression have been identified among LRRK2 carriers. Sleep disturbances such 

as rapid eye movement (REM) sleep behavior disorder (RBD) are strongly 

associated with PD and the development of synucleinopathies. In contrast, RBD is 

not common in LRRK2 PD patients; however, there is evidence that NREM sleep 

is disrupted in these patients. Given that the G2019S LRRK2 mutation alters 

synaptic excitability, we hypothesized that mice with this mutation would express 

altered slow-wave sleep and sleep spindle oscillations produced by thalamo-

cortical circuits.  To investigate these questions, we acquired neck muscle 

electromyographic (EMG), inertial (IMU), and electrocorticographic (ECoG) 

signals from somatosensory (S1) and visual cortex (V1) of LRRK2 G2019S 

bacterial artificial chromosome (BAC) transgenic (n = 15) and C57BL/6J (WT) 

mice (n = 8) during sleep and free foraging. We observed, relative to WT 

controls, that G2019S mice spent less time sleeping, exhibited increased neural 

noise, and increased spindle power in posterior electrodes. In summary, this work 

presents evidence for both behavioral and physiological changes in NREM sleep 

in a LRRK2 G2019S BAC PD model. These findings suggest that altered slow-

wave sleep is a potential biomarker of disease progression and treatment 

effectiveness. 
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Introduction 

Mutations of the LRRK2-G2019S gene represent the most common 

genetic cause of Parkinson’s disease (PD) (Tan and Skipper, 2007). As with 

idiopathic PD, LRRK2 PD is associated with the progressive loss of dopaminergic 

neurons in the substantia nigra pars compacta (SNpc) that ultimately results in 

debilitating motor symptoms such as bradykinesia, rigidity, and tremor (Lotankar 

et al., 2017). Although little is known about how genetic forms of PD alter sleep, 

sleep disorders such as hypersomnia, excessive daytime sleepiness, sleep 

fragmentation, rapid eye movement sleep behavior disorder (RBD), and disrupted 

slow-wave sleep activity are common in idiopathic PD (Christensen et al., 2014; 

Kumar et al., 2002b; Lees et al., 1988). Indeed, RBD can emerge years prior to 

the first identification of PD motor symptoms (Postuma et al., 2009, 2015). 

Disrupted sleep could have important negative consequences for PD patients as 

sleep performs multiple physiological functions. For example, slow-wave sleep 

may facilitate clearance of harmful metabolic byproducts by enhancing 

convective exchange of cerebrospinal fluid (Xie et al., 2013b). Furthermore, rapid 

eye movement (REM) sleep, slow-wave sleep, and sleep spindles are associated 

with the consolidation of episodic (Born and Wilhelm, 2012b; Inostroza and 

Born, 2013; McClelland et al., 1995; Walker, 2009) ) and procedural/motor 

memories (Chen et al., 2016b; Latchoumane et al., 2017b; Nishida et al., 2016; 

Smith and MacNeill, 1994) as well as the homeostatic maintenance of neural 

excitability through the downscaling of synaptic strength (Born and Feld, 2012; 

Tononi and Cirelli, 2014). Although sleep disorders are common in PD, little is 
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known about how sleep is altered or contributes to disease progression, and far 

less is known about how genetic forms of PD alter sleep function. 

There are physiological features of G2019S-LRRK2 PD that suggest that 

mutations of the LRRK2 gene could alter sleep physiology. First, the LRRK2 

gene is involved in multiple cellular functions such as apoptosis, mitochondrial 

function, and neuronal excitability (Cherra et al., 2013), and LRRK2 protein 

expression is high in the cortex and thalamus (Lee et al., 2010; Melrose et al., 

2006; Ramonet et al., 2011), two regions involved in slow-wave sleep and sleep-

spindle generation. Second, recent evidence suggests that mutations in the 

LRRK2 gene results in the potentiation of glutamatergic synapses (Beccano-Kelly 

et al., 2014b; Matikainen-Ankney et al., 2016; Penney et al., 2016; Plowey et al., 

2014), an effect that could excite cortical and corticothalamic circuits involved in 

NREM sleep. Consequently, the present study explores whether mice with the 

G2019S LRRK2 mutation exhibit altered slow-wave sleep physiology and 

structure. A specific physiological target of the present study was the slow-wave 

spindle, a 8-16 Hz oscillations (Jung and Berger, 1979; Loomis et al., 1935) 

implicated in the maintenance of slow-wave sleep and the consolidation of motor 

and episodic memories (Nishida et al., 2016; Smith and MacNeill, 1994). Spindle 

oscillations tend to be localized in cortical regions involved in learning tasks that 

were performed before the onset of sleep (Fogel and Smith, 2006; Gais et al., 

2002). Given evidence that G2019S LRRK2 mice exhibit enhanced glutamatergic 

transmission, we hypothesized spindle oscillations would be enhanced in G2019S 

LRRK2 animals relative to controls.  
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To investigate these questions, sleep structure, slow-wave sleep, and sleep 

spindles were measured in transgenic G2019S LRRK2 mice (C57BL/6J-

Tg(LRRK2*G2019S)2AMjff/J) and  C57BL/6J wild-type controls. These mice 

were implanted with electrodes placed above the somatosensory cortex (S1) and 

visual cortex (V1), and recordings were acquired as animals slept and foraged for 

food reward. We observed that, relative to WT controls, G2019S mice exhibited 

less time spent sleeping, increased neural noise, and increased spindle power over 

visual cortex. In summary, this work presents evidence for behavioral and 

physiological changes in NREM sleep in a LRRK2 G2019S BAC PD model. 

These findings suggest that altered slow-wave sleep is a potential biomarker of 

disease progression and treatment effectiveness.  

Experimental Procedures 

Subjects 

Two cohorts of male mice were included: n = 8 C57bl/6J (WT) and n = 15 

LRRK2 G2019S (C57BL/6J-Tg(LRRK2*G2019S)2AMjff/J), 5 months of age 

(Jackson Laboratory, Bar Harbor, ME). Mice were pair-housed, handled, and 

behaviorally tested 1 week prior to electrode implantation (Figure 1A). All 

experiments were performed 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. 

 

Rotarod walking apparatus 
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Motor skill learning was evaluated through the use of a rotarod apparatus 

(Rotamex-4, Columbus Instruments, Columbus, OH). Each test was performed on 

a 3.81 cm diameter rod that accelerated from 4-40 rotations per minute (rpm), 

increasing 1 rpm every 8 seconds, over 300 seconds. Mice were brought to the 

room 1-hour prior to testing, habituated on the rotarod for 2 minutes with the 

motor off, and then an additional 2 minutes with the motor on, but not rotating. 

Testing consisted of 4 trials per day, over 4 consecutive days with a ten-minute 

interval between trials. Latency to fall was recorded for each trial (Figure 1B). A 

total of 10 LRRK2 mice and 10 WT controls participated in the rotarod task. 

 

Surgical procedure 

One day prior to surgery, mice began antibiotic treatments (3-day 

sulfamethoxazole and trimethoprim oral suspension cycle). On the day of surgery, 

mice were anesthetized using 1.0 – 2.0% isoflurane in oxygen (flow rate 1.5 

L/min) and placed into a stereotaxic apparatus. All mice were implanted with 

ECoG, EMG, and depth electrodes (100 - 200 kilohms). The ECoG array 

consisted of 3 gold-plated (0.4 mm diameter and 1 mm inter-electrode spacing) 

Mill-max pins (Mill-Max Mfg. Corp.), implanted over the left hemisphere, and 1 

gold-plated reference electrode (0.8 mm diameter) implanted above the 

cerebellum. The depth electrode array was composed of 25-micron diameter 

twisted pair tungsten wire “stereotrodes” (California Fine Wire Company, Grover 

Beach, CA). Depth electrodes targeted the following regions in the right 

hemisphere (in mm from bregma): anterior cingulate cortex AP +1.45, ML +0.5, 
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DV -1.5; motor cortex AP +1.45, ML +1.1, DV -1; nucleus accumbens AP +0.85, 

ML +1.1, DV -4.25; caudate putamen AP +0.85, ML +1.7, DV -3; hippocampal 

fissure AP -1.55, ML +0.5, DV -1.7; CA1 (hippocampus) AP -1.55, ML +1.1, DV 

-1.25; and somatosensory cortex AP -1.55, ML +1.7, DV -0.95. A craniotomy 

was made for the ECoG array in the left hemisphere (1.25 mm lateral to midline 

and ranging from -0.4 to -2.5 mm posterior to bregma). Two silver wire EMG 

electrodes were implanted intramuscularly in the neck muscle. Electrode arrays 

were secured to the skull using dental acrylic and MetaBond (C&B-Metabond, 

Parkell Products Inc., Edgewood, NY). Physiological recordings from surface 

ECoG electrodes were more consistent between animals and had increased signal-

to-noise relative to depth recordings, potentially due to variation in the anatomical 

targeting of LFP electrodes. Consequently, only recordings from ECoG electrodes 

are presented here. 

 

Data Acquisition 

Neural, EMG, and inertial data were acquired using an Intan Technologies data 

acquisition system (Intan Technologies Inc., Los Angeles, CA). Overhead 

position tracking data was gathered by a Manta GiGE camera (Allied Vision, 

Exton, PA). Mouse pairs were recorded simultaneously in adjacent sound-proof 

boxes. ECoG and EMG signals were acquired at 20 kHz and down-sampled to 

500 Hz for analysis. Signals from the stereotrode arrays were not analyzed for this 

investigation. 
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Sleep and Foraging recordings 

Neural recordings began after 1 week following array implantation. Data were 

acquired from a maximum of 5 recording sessions from each mouse. Each session 

began with a minimum 1.5 hour “rest” period in the home cage (Figure 1C). The 

rest period was followed by a 30-minute behavior block in which the home cage 

was removed and mice were allowed to forage for chocolate sprinkles. A single 

novel object was also placed in the foraging environment. Novel objects were 

selected from the following set: metal food dish, PVC pipe, centrifuge tube, metal 

block, and silicone cupcake mold. Novel objects were integrated into the foraging 

behavior because novel object exposure is associated with increased spindle 

density (Hennies et al., 2016). This behavioral epoch was immediately followed 

by a minimum 1.5-hour rest period in the home cage. 8 WT controls (26 total 

days) and 15 LRRK2 mice (60 total days) were recorded from.  

 

Analysis 

Signal processing and statistical analyses 

ECoG signals were processed and analyzed using standard Fourier and wavelet 

measures of spectral power and frequency using Matlab™. Normality of 

distributions were checked with the Anderson-Darling goodness-of-fit hypothesis 

test. The Wilcoxon Rank Sum test was used for nonparametric data.  
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Inertial measurement 

Inertial data was obtained through a sensor mounted on the neural recording 

headstage. Inertial data has been demonstrated to provide an excellent readout of 

sleep/wake state (Venkatraman et al., 2010). Motion was quantified as the 

absolute value of the first derivative was calculated for each channel. This data 

was summed across the x, y, and z plane as the absolute, total “jerk” or |m/s3|. 

 

EMG 

EMG was recorded from 2 silver wires placed into neck muscle. EMG data were 

filtered between 70-250 Hz and then rectified and smoothed using a moving 

average (1-second window) to provide a measurement of muscle tone 

(Latchoumane et al., 2017b). 

 

Identification of putative sleep periods 

Inertial measurement and EMG data were down-sampled to 2 kHz prior to 

analysis. A visually identified threshold of 5 m/s3 was applied to the inertial signal 

(see above) to detect periods of immobility. To be classified as sleep, three 

conditions were required: 1) both EMG channels had to be below 3 standard 

deviations of the mean, 2) these putative sleep intervals had to last > 40 s, and 3) 

the inter-sleep-interval had to be > 0.5 s (Pack et al., 2007). Analyses of 

behavioral sleep features were restricted to 1 hour at the beginning and another 

hour at the end of the recording, shifted inward to exclude the first and last 5 

minutes.  
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Analysis of power spectra 

Analyses of power spectra were restricted to sleep periods occurring within 1 hour 

at the beginning and another hour at the end of the recording, shifted inward to 

exclude the first and last 5 minutes. Artifacts in the signal were identified as 

intervals where 60Hz noise was the peak frequency or signals were above 1mV 

were removed from ECoG data. These intervals were removed prior to analysis 

via multitaper power spectrum (Mitra and Pesaran, 1999). To reduce common 

noise and identify local signals (Ludwig et al., 2009), common average 

referencing (CAR) was implemented. CAR involves subtraction of an average 

electrode signal, excluding the target channel, from signals acquired from each 

individual electrode. Power spectra were normalized by dividing each point of the 

spectrogram by the total area under the spectral density estimate (area under the 

curve, AUC) in order to improve comparisons across animals (Barbour and 

Parker, 2015; Elson and Bennett, 1995). The slope of this resulting normalized 

curve was used to determine synchronization as steeper PSD slopes are related to 

synchronized neural activity, while flatter slopes indicate desynchronized activity 

(González-Villar et al., 2017b).  

 

Identification of cortical spindle events 

Spindles were identified as described in (Phillips et al., 2012). ECoG signals were 

first bandpass filtered (8-18 Hz, 4th order Butterworth filter), enveloped, and 

smoothed over a 10 ms window. Candidate spindle events were identified as 

periods when this smoothed envelope exceeded 3.5 standard deviations above the 
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mean and lasted for at least 500ms. Only events that occurred during putative 

sleep periods, as described above, were included in the analysis. The time of 

spindle event onset was determined by moving backward in time from the point 

of threshold detection until power fell to 2 standard deviations above the mean. 

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

Duration of the spindle was calculated as the onset to the offset of these threshold 

crossings. Putative spindle events separated by < 100 ms were concatenated. 

Spindle events lasting > 2 s were discarded. To identify relative spindle origin, the 

earliest occurrence of temporally overlapping spindles was found and assigned to 

the relevant electrode. Only the originating spindle was analyzed. The frequency 

of highest power for each spindle was identified by log-power normalization of 

spindle multi-taper spectral density estimates. Cortical sleep spindles from across 

the entire recording period were analyzed, averaged over each day and 

subsequently per animal.  

Results 

LRRK2 mouse rotarod performance is similar to WT, but less variable 

The accelerating rotarod task measures motor coordination (Jones and Roberts, 

1968) and has been used successfully to assess motor deficits in a variety of PD 

model animals. However, LRRK2 model animals have not been found to express 

deficits on this task (Lin et al., 2009)). To verify this within our model, latency to 

fall on the rotarod was tested in LRRK2 mice (n = 10) and WT controls (n = 10), 

4 days in a row, 4 trials/day, before implantation. Analysis was restricted to day 4 

to limit the effects of task-novelty on motor performance. No difference in 
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median latency to fall was observed between groups (Wilcoxon Rank Sum test, p 

= .0639; Fig. 2a). The variability of the latency to fall was also assessed in WT 

and LRRK2 animals. This analysis revealed that fall times for LRRK2 were more 

consistent than WT controls (Wilcoxon Rank Sum, p = .0257; Fig. 2b). 

 

LRRK2 mice sleep less than WT 

Parkinson’s disease is associated with disrupted sleep (Jahan et al., 2009; 

Schrempf et al., 2014; Sixel-Döring and Trenkwalder, 2011; Stocchi et al., 2001). 

Sleep quality was assessed in LRRK2 and WT mice by evaluating EMG activity 

and head movement during the 2-hour rest periods that preceded and followed the 

foraging behavior. EMG measurements were acquired from EMG electrodes 

implanted in the neck muscle and from 3-axis inertial sensors mounted on the 

animal’s head (see Methods). Thresholds for EMG/inertial measure used for 

identifying periods of sleep and activity were determined through visual 

inspection (see Methods). An example of EMG and inertial measurements 

acquired from a single recording session is presented in Figure 3a. Sleep quality 

and fragmentation was evaluated as the number of sleep bouts, sleep bout 

duration, inter-sleep intervals, and total sleep duration. In order to normalize 

between variations in length of sleep epochs, analyses were restricted to the first 

and last hour (shifted to except the first and last 5 minutes) of recordings. Animal 

averages of the number of sleep bouts as well as mean sleep bout duration 

revealed remarkable similarity between WT controls and LRRK2 mice (Wilcoxon 

rank sum, p = .674797 and p = .722572, respectively; WT n = 8, LRRK2 n = 15). 
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The standard deviation of the number of sleep bouts per day for each animal 

however showed that LRRK2 mice have more variation (p = .042; Fig. 3c). This 

variation is also reflected in the standard deviation of inter-sleep interval 

durations (p = .0306; Fig. 3d) though the mean inter-sleep interval showed no 

difference between cohorts (p = .165192). Total sleep duration was measured as 

the percentage of time during the rest bouts that animals were immobile and a 

slight but significant difference was observed between WT and LRRK groups 

(Wilcoxson rank sum, p = .049, Fig. 3e).  

 

Increased neural noise in LRRK2 mice 

Power by frequency was calculated with a multitaper power spectral 

density (PSD) estimate for each ECoG electrode (the trunk and hindlimb regions 

of S1, and V1). These analyses were restricted to periods of sleep, as designated 

by both IMU and EMG data, within the first and last hour of the recording 

(shifted to exclude the first and last 5 minutes). Values were averaged by day and 

subsequently by animal. Importantly, no differences were seen across any of the 

most common frequency bands (delta 1-4Hz, theta 5-9Hz, alpha 8-12Hz, sigma 9-

16Hz, beta 12-30Hz, low gamma 30-40Hz), even before multiple-comparison 

corrections, between the raw power spectra of WT and LRRK2 mice (p > .05, 

Kruskal-Wallis; Fig. 4a, b, c).   

All ECoG electrodes were initially referenced to an electrode placed above 

the cerebellum, but CAR was implemented to identify more local neural signals 

(Ludwig et al., 2009). AUC was used to determine if the slope of the power 
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spectra, or neural synchronization  (González-Villar et al., 2017b), differed 

between LRRK2 and WT animals. After CAR and AUC normalization, LRRK2 

PSD slopes, averaged by mouse, were found to be flatter (Wilcoxon rank sum 

test, S1HL p = .0129, S1Tr p = .0306, V1 p = .0033) than that of WT controls, 

suggestive of neural desynchronization (Fig. 4g, h, i).  

                                                                                                                                  

Spindle power is enhanced in posterior regions of LRRK2 mice 

Evidence for enhanced synaptic excitability in LRRK2 mutations led to 

the hypothesis that increased cortical glutamatergic output might result in higher 

spindle power in LRRK2 mice compared to WT. To investigate this hypothesis, 

we extracted key features of each identified spindle: power, frequency, and 

duration (Fig. 5a). Frequency of spindle oscillations did not differ between groups 

(S1HL p = .3171, S1Tr p = .6748, V1 p = .9229; Fig. 5b) and duration was only 

significantly different in the most anterior electrode, that over the hindlimb region 

of S1 (p = .0108; Fig. 5c). Spindle power was significantly increased in LRRK2 

animals relative to WT animals more notably in posterior electrodes, specifically 

the trunk regions of both S1 and V1 (S1HL p = .1857, S1Tr p = .0420, V1 p = 

.0219; Fig. 5b).    

Discussion 

While any significant differences between LRRK2 G2019S and WT mice would 

provide a potential biomarker, important questions include both their sensitivity to 

detection and translatability. Arguably more important is whether such changes 
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are critical to the disease progression of LRRK2 PD. Here we discuss the main 

findings presented in this paper: 

 

LRRK2 mouse rotarod performance is similar to WT, but less variable 

The rotarod task has been used extensively in the field of PD research to 

characterize motor performance and identify motor learning deficits. Though it 

has a clear outcome measure, the rotarod does not dissect motor coordination by 

gait or timing like other motor tasks, such as open field or gait analysis. Thus, 

while a reduction in variance of rotarod performance is, to the authors’ 

knowledge, the only motor difference identified within LRRK2 G2019S mutant 

mice (at 5 months of age) thus far, it is not necessarily a deficit as median 

performance was no different between groups. Moreover, this decrease may not 

be a reliable biomarker - instead, more complex and sensitive motor tasks such as 

open field gait analyses or forelimb reaching task merits future investigation. 

 

LRRK2 mice sleep less than WT                                               

A large percentage of PD patients exhibit RBD and the risk for developing a 

synucleinopathy increases dramatically within a few years of an RBD diagnosis 

(Postuma et al., 2015). It is of note, however, that REM sleep disorders are less 

common in LRRK2 carriers with PD. While this work did not distinguish between 

REM and NREM sleep, no significant differences were seen in the strength of 

EMG and movement identified via IMU data. Sleep bout lengths and inter-sleep 

intervals were found to be, on average, the same, but standard deviations of inter-
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sleep intervals as well as the number of sleep bouts revealed more variation in 

LRRK2 animals.  

It is highly likely that these variations gave rise to the slight but significant 

decrease in total sleep time. Most animals were recorded for 3-4 days (with a 

maximum of 5); measures of sleep fragmentation reported here are restricted to a 

total of 2 hours per day and thus, are relatively conservative. We suspect that the 

cumulative effect of sleep loss over the course of a longer recording period would 

be more apparent.  

While sleep bout length has been found, in the case of polyphasic sleep patterns, 

to reduce amount of “deep” NREM sleep stages, with no change in the length of 

“light” stages (Ball, 1992; Capellini et al., 2008), few studies have investigated 

the implications of inter-sleep intervals on memory consolidation or neural 

activity. These findings might be elucidated by utilizing further criteria, such as 

hippocampal theta/delta ratios (Wierzynski et al., 2009b), to characterize sleep 

stages and fragmentation. 

 

Increased neural noise in LRRK2 mice 

Initial analyses of ECoG data involved power by frequency analysis. While no 

difference was seen in raw power spectra between groups, after CAR and AUC 

normalization, LRRK2 spectra were shallower than WT, suggestive of increased 

neural noise and impaired synchronization.  

While our ECoG electrodes were of fixed sizes, distances, and impedances and 

were placed stereotaxically on the surface of the brain, there is a chance that slight 
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variations in dorsal-ventral placement could induce such inter-electrode 

hyposynchrony. A succinct biological explanation would be that increased 

cortical glutamatergic output in LRRK2 animals results in more multi-unit 

activity but lower neural synchrony. This could be shown more definitively via 

depth electrodes, spike sorting, and cross-correlograms with the hypothesis that 

fewer neurons would show significant cross-correlograms (indicative of single 

synapse delays) with other recorded neurons in LRRK2 mice. 

 

Spindle power is enhanced in posterior regions of LRRK2 mice 

Cortical spindles are relatively long and extremely powerful events, lasting up to 

several seconds and are some of the most easily recognizable neural signals. They 

are indicative of changes in sensory processing, cortical memory consolidation, 

and rule-based learning as they tend to occur more often over regions responsible 

for learning tasks that were performed before the onset of sleep. Spindle 

amplitude differences between LRRK2 and WT mice were seen but interestingly 

biased towards posterior regions of the cortex.  

The spindle generation mechanism involves heterogeneous cortical glutamatergic 

input to the thalamic reticular nucleus (TRN) which provides inhibitory 

connections to the thalamus subsequently feeding out to cortico-cortical circuits. 

Consequently, it is conceivable that either these posterior cortical regions have 

stronger reciprocal TRN connections or have stronger cortico-cortical connections 

in LRRK2 G2019S BAC mice. As any increase in cortical activity could affect 

cortical glutamatergic input to basal ganglia neurons and slow clearance of 
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cytotoxic metabolic byproducts within the affected region, this finding should be 

further inspected as not just a potential biomarker but also for a role in LRRK2 

PD disease progression. 

The neural circuit driving the spindle oscillation is well-characterized (Steriade 

and Deschenes, 1984b) and highly comparable between rodents and primates, 

facilitating translation of observations across species. Moreover, these findings 

suggest that altered sleep and spindles precede significant changes in 

dopaminergic transmission seen at 19-20 months of age in the LRRK2 mutation 

(Ramonet et al., 2011). Thus, the identification of physiological signatures of 

altered network communication in LRRK2 animals during sleep described here 

could serve as a diagnostic biomarker for the progression of LRRK2 PD and 

contribute to the understanding of systems-level mechanisms underlying the 

disease. 

Conclusions 

Given the large deficit in our current understanding of sleep and its contribution 

to neurological health, it remains difficult to distinguish between cause and result 

of the LRRK2 G2019S mutation. Recent discoveries of the surprising 

comorbidities of PD and RBD ultimately demand thorough investigation through 

longitudinal experimental manipulation of sleep patterns. In a small step towards 

this, this work is, to the authors’ knowledge, the first attempt in correlating the 

LRRK2 G2019S mutation to alterations in electrophysiological sleep patterns. 

While there are known objections to the BAC transgenic model due to its 

potential for multiple insertions, only recently has there been burgeoning interest 
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in LRRK2 and with this growth, new and improved models are becoming 

available. Follow-up studies will face several questions concerning the findings 

within (decreased sleep, increased neural noise, and increased spindle power in 

LRRK2 G2019S BAC mice): 1) if they translate to human carriers of the 

mutation, 2) how sensitive is each as a potential biomarker, and 3) if and how 

they contribute to the progression of PD. 
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Figures 

 

Figure 1. Experiment design  

A) Experiment timeline consisted of behavioral rotarod testing the week after 

receival of 5 month old mice. B) Electrode placement 3 cortical EEG pins were 

placed on the left hemisphere, above somatosensory cortex and visual cortex 

while stereotrodes were implanted across the right hemisphere targeting key 

regions of interest (anterior cingulate cortex, motor cortex, nucleus accumbens, 

caudate putamen, hippocampal fissure, cornu ammonis region of the 

hippocampus, and somatosensory cortex). A shorted reference and ground 

electrode was placed in the cerebellum and two EMG wires were pushed into the 

neck muscle. C) Organization of each 5-hr neural recording session.  
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Figure 2. Rotarod performance 

Mice were tested on latency to fall on a rotarod. A) No difference was found in 

the mean latency to fall between groups on the final day of testing (n = 10 WT vs. 

n = 10 LRRK2; Wilcoxon rank sum, p = 0.0639) was no different. B) Although 

WT and LRRK2 exhibited similar mean latencies to fall, there was less variability 

in this measure for the LRRK2 mice across all trials (p = 0.0257). 

 

 



214 

 

Figure 3. Recordings  

A) Example IMU and EMG data. For each mouse, 3D accelerometer data and 1-2 

EMG channels were obtained. As accelerometer data is subject to gravitational 

biases, the derivative, or jerk (m/s3), was calculated in each direction 

independently and the absolute value was taken (absolute jerk) and plotted in 

black. These can be seen to largely correlate with the absolute neck EMG voltages 

(uV), seen here in blue. Gray regions indicate designated pre- and post-task sleep 

epochs in the homecage while the white area represents the task epoch. B) Sample 

sleep periods from the same EMG (black) and IMU (red) traces as in A) with dark 

gray regions denoting putatively identified sleep periods. Thick horizontal black 
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line represents 3 standard deviations above the mean of the EMG channels, while 

IMU signals are below 5 m/s3 (shown by thick horizontal red line). C) To 

normalize behavioral sleep analyses, the following calculations were restricted to 

the first and last hour (shifted to not include the first and last 5 minutes of 

recording) of designated sleep epochs. Open circles are animal averages overlaid 

on a boxplot where the horizontal line represents the median and crosses denote 

outliers. Animal averages of daily standard deviation of the number of sleep bouts 

within these periods revealed that LRRK2 mice had higher variation (p = .042, 

Wilcoxon rank sum test). D) Animal averages of daily standard deviation of inter-

sleep intervals also showed that LRRK2 had more variation in the length of time 

awake between sleep bouts (p = .0306, Wilcoxon rank sum test). E) Mean 

proportion of the first and last hour of sleep was determined per session and 

animal, with LRRK2 mice spending less time sleeping than WT controls (p = 

.049, Wilcoxon rank sum test).  
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Fig 4. Cortical power spectrums 

A, B, C) No significant differences in raw power spectrum densities (PSD) were 

initially seen on any ECoG electrodes, exclusively during putatively identified 

sleep periods (thick black lines are animal averages of 8 WT, blue = 15 LRRK2 

mice; thin lines are SEM). D, E, F) Common average referenced (CAR) PSDs, by 

session, normalized by area-under-the-curve (AUC) for each electrode region 

only during sleep. G, H, I) Open circles are animal averages overlaid on a boxplot 

where the horizontal line represents the median and crosses denote outliers. 

Animal averages of AUC-normalized CAR PSDs per region show a shallower 

slope for LRRK2 mice suggesting lower synchronization of neural populations 

(Wilcoxon rank sum test, S1HL p = .0129, S1Tr p = .0306, V1 p = .0033).  
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Fig 5. Spectrogram, raw and filtered signal of somatosensory trunk spindle   

The raw down-sampled (500Hz) trace is in white, while the filtered (8-18Hz) is in 

magenta. Green and red lines depict the start and end times, respectively, of the 

detected spindle. Yellow line is a power spectrum normalized to the start and end 

times (in green and red), with the frequency of highest power nearest to the end 

time. These are overlaid on a spectrogram illustrating power changes in various 

frequency bands over time, with the relative peak of the detected spindle in peach.  
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Fig 6. Cortical sleep spindle features 

A, B, C) Length of each spindle was quantified and averaged per day per mouse. 

Open circles are animal averages overlaid on a boxplot where the horizontal line 

represents the median and crosses denote outliers. A significant difference was 

seen between spindle lengths on the most frontal cortical electrode, with LRRK2 

exhibiting longer anterior spindles than WT controls (Wilcoxon rank sum test, p = 

.0108). No differences were seen on more posterior electrodes (p = .2868, p = 

.2324). D, E, F) Animal averages of spindle frequency as determined by power 

law normalization of each spindle PSD and identification of the frequency of peak 
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power. No difference was observed in spindle frequency between LRRK2 and 

WT mice at any location (p = .3171, p = .6748, p = .9229). G, H, I) Bandpower 

within 9-16Hz was calculated for each spindle and averaged per day per mouse. 

LRRK2 mice exhibit higher amplitude spindles in posterior electrode locations 

than WT mice (p = .1857, p = .0420, p = .0219). 
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Ac. Age-associated changes in waking hippocampal sharp-wave ripples 

Abstract  

Hippocampal sharp-wave ripples are brief high-frequency (120 - 250 Hz) 

oscillatory events that support mnemonic processes during sleep and awake 

behavior. Although ripples occurring during sleep are believed to facilitate 

memory consolidation, waking ripples may also be involved in planning and 

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

results in a significant reduction in the peak oscillatory frequency and rate-of-

occurrence of ripples during sleep (Wiegand et al., 2016) that may contribute to 

age-associated memory decline. It is unknown, however, how aging alters waking 

ripples. We investigated whether characteristics of waking ripples undergo age-

dependent changes. Sharp-wave ripple events were recorded from the CA1 region 

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

performed a place-dependent eyeblink conditioning task. Several novel 

observations emerged from this analysis. First, although aged rats expressed more 

waking ripples than young rats during track running and reward consumption, this 

effect was eliminated, and, in the case of track-running, reversed when time spent 

in each location was accounted for. Thus, aged rats emit more ripples, but young 

rats express a higher ripple rate. This likely results from reduced locomotor 

activity in aged animals. Furthermore, although ripple rates increased as young 

rats approached rewards, rates did not increase in aged rats, and rates in aged and 

young animals were not affected by eyeblink conditioning. Finally, although the 

oscillatory frequency of ripples was lower in aged animals during rest, 

frequencies in aged rats increased during behavior to levels indistinguishable from 
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young rats. Given the involvement of waking ripples in memory retrieval, a 

possible consequence of slower movement speeds of aged animals is to provide 

more opportunity to replay or preplay task-relevant information and compensate 

for age-related declines in ripple rate during task performance. 

Introduction 

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

frequency (120 - 250 Hz) oscillatory events believed to support mnemonic 

processes during sleep (Wilson and McNaughton, 1994), awake immobility 

(Kudrimoti et al., 1999b), and awake behavior (Foster and Wilson, 2006). The 

activities of populations of hippocampal neurons become coordinated during 

ripples, and this activity can reactivate neural responses associated with spatial 

exploration (Carr et al., 2011; Jadhav et al., 2012; O’Neill et al., 2010; Roumis 

and Frank, 2015; Wikenheiser and Redish, 2015). While ripples are implicated in 

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

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

learning and memory retrieval (Jadhav et al., 2012; Nokia et al., 2012; Wu et al., 

2017), prospective and retrospective working memory (Singer et al., 2013), and 

updating navigational strategies (Dupret et al., 2010; Pfeiffer and Foster, 2013). 

Replay during rest-associated ripples, on the other hand, may facilitate the gradual 

consolidation of memories within broad hippocampal-subcortical-cortical 

networks (Wilson and McNaughton, 1994; Pennartz et al., 2004; Girardeau et al., 

2009, 2014; Ego-Stengel and Wilson, 2010; Nokia et al., 2012). 
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Normal aging is associated with a decline in the capacity to consolidate memories 

during sleep (Pace-Schott and Spencer, 2015), and to retrieve and utilize spatial 

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

waking behavior. The neural basis for these effects are not known. Investigations 

of rest-associated ripples in aged animals suggests that features of ripples such as 

their frequency and capacity to organize neural activity contributes to age-

associated memory decline. For example, CA1 single-unit activity is delayed 

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

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

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

(Gerrard et al., 2001) demonstrated that aged and young rats express intact 

memory trace reactivation during rest-associated ripples, but that the temporal 

organization of reactivated events is reduced in aged animals (Gerrard et al., 

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

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

occurrence of ripples in aged animals. Wiegand et al. (Wiegand et al., 2016b) also 

demonstrated that the oscillatory frequency of ripples was reduced by 

approximately 15 Hz in aged animals. It is important to note that in this study, 

age-associated changes in the rate of occurrence, oscillatory frequency of ripples, 

and the strength of reactivation did not correlate with measures of learning. This 

suggests that the relationship between ripples and age-associated memory decline 

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

investigated. This is an important question to address given their potential role in 

working memory (Gupta et al., 2010; Jadhav et al., 2012), decision making (Diba 

and Buzsáki, 2007; Jadhav et al., 2012; Singer et al., 2013), memory 

consolidation for goal locations (Carr et al., 2011; Foster and Wilson, 2006; 

O’Neill et al., 2006), and reward-driven learning (Ambrose et al., 2016; Foster 

and Wilson, 2006). Here we investigated whether the rate of occurrence and 

oscillatory frequency of waking ripples are affected by aging, and whether ripples 

were impacted by salient aversive events (eye shocks). Analyses were performed 

on waking ripples acquired from the CA1 region of the hippocampus using data 

described in Schimanski et al. (Schimanski et al., 2013). The behavior consisted 

of a spatial eyeblink conditioning task that required rats to shuttle clockwise and 

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

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

eyelid. Given the involvement of ripples in variable reinforcement learning 

(Ambrose et al., 2016), we predicted that ripple rates would increase after animals 

received an eye shock. We also predicted that aging would reduce the rate of 

ripple events and the oscillatory frequency of ripples, as has been previously 

reported for rest-associated ripples (Wiegand et al., 2016b).  

Materials and Methods 

Subjects and behavioral pre-training 

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

months) male Fischer-344 rats that were obtained from the National Institute on 
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Aging colony at Charles River. Rats were kept on a 12:12 h reversed light cycle 

and housed individually. All experiments were performed as described in 

Schimanski et al. (2013), following the guidelines of the United States National 

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

protocols approved by the University of Arizona Institutional Animal Care and 

Use Committee. 

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

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

spatial learning (Morris, 1984), as described in full by Barnes et al. (Barnes et al., 

1996). Rats then underwent food restriction to 85% of free-feeding body weight 

and were pre-trained on a shuttle task on a linear maze for food reinforcement 

until reaching 80 laps within 45 min. Once physiological experiments began, 

animals were exposed to the spatial trace eyeblink task (described below). As 

reported in Schimanski et al. (Schimanski et al., 2013), aged animals exhibited 

significant deficits in the spatial version of the water maze task relative to young 

animals (Fig. 1B), but performed no differently than young rats on the spatial 

eyeblink task. 

Surgical and electrophysiological recording procedures 

All rats received eyelid wire implantations for monitoring of spatial eyeblink 

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

independently-adjustable tetrode recording probes (McNaughton et al., 1983; 

Wilson and McNaughton, 1993). Prior to surgery, rats began antibiotic treatments 

(either 10-day ampicillin cycle or 5-day sulfamethoxazole and trimethoprim oral 
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suspension cycle). 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 craniotomy made at 2.0 

mm lateral and 3.8 mm posterior to Bregma. Tetrodes were constructed of four 

twisted polyimide-coated nichrome wires (13 µm diameter) and were driven to an 

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

optimally record extracellular spikes from CA1 pyramidal cells (~2 mm from 

brain surface). Two additional tetrodes whose four wires had been shorted 

together acted as references and were placed in or near the corpus callosum and 

hippocampal fissure. A ground screw and all wires were secured to the skull using 

dental acrylic.  

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

amplifiers (Neuralynx Inc.). Electrophysiological signals were recorded by the 

Cheetah Data Acquisition System (Neuralynx Inc.). A 1 ms window was recorded 

surrounding each candidate action potential. Single-unit activity was digitized at 

32 kHz, amplified 500 - 5000 times, and bandpass filtered between 0.6 and 6 kHz. 

Local-field activity was recorded from a subset of tetrodes, bandpass filtered from 

0.5 to 600 Hz, and sampled at 1893 Hz. Video tracking data were obtained with 

an overhead CCD camera. Movement during rest was calculated by finding the 

first derivative of the tracking data acquired from the CCD camera and 

subsequently squaring and smoothing the result. 

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

behavior improved and clear CA1 action potentials were observed on the majority 



226 

of tetrodes. At least 30 recording sessions were acquired from 10 rats (6 young 

and 4 old). Data was also acquired from a fifth aged rat. This rat, however, 

became ill after 15 days of recording and so only these sessions were acquired and 

analyzed from this animal.  

Behavioral procedures 

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

dedicated room for calibration of the level of electrical current necessary to 

induce an eyeblink. The eyelid stimulus was a 100 ms, 100 Hz train of bipolar 

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

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

Instruments. Every day before the experiment, current was modulated in order to 

induce a complete eye blink (typical range, 0.1 - 0.6 mA). After calibration of the 

eyeblink current, rats were brought to a dimly lit recording room containing a 

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

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

alone for a minimum of 30 min before and after the behavioral task. Task: Rats 

ran 10 laps for food reward without eye shocks, and on lap 11, rats received a 

blink-inducing electrical stimulation at two locations (at 140 and 250 degrees, see 

Fig. 1A) – one in the clockwise and one in the counter-clockwise direction. 

Stimulation was delivered with a probability of 50%. Rats ran on the track for a 

maximum of 74 laps or until ceasing locomotion. The number of laps was 

controlled between young and aged rat pairs by allowing the young rats to run the 

same number of laps as their yoked aged pair. The two within-day recording 
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sessions were separated by an average of 157.5 +/- 4.0 min. This protocol was 

repeated for 31 days/rat (with the exception of 1 old rat)  

Statistical analyses 

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

Kramer (ANOVA) and Bonferroni-Holm corrections were performed to adjust for 

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

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

Core Team, 2013). 

Identification of putative ripple events 

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

potential signal from action potentials (Ray and Maunsell, 2011), local-field 

activity was first “de-spiked” by removing a 4 ms window of data around spikes 

measured on the same tetrode and replacing the absent data with a spline (Zanos 

et al., 2011). Signals were then bandpass filtered (115 to 250 Hz, 8th order IIR 

Butterworth filter). We chose 115 Hz as a lower band given our previous finding 

that ripple oscillation frequencies are ~15 Hz lower in aged relative to young rats 

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

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

the filtered signal exceeded 3 sds above the mean, lasted for at least 30 ms, and 

had a peak frequency of at least 120 Hz. This threshold was lower than the 5 sd 

threshold used in our previous investigation (Wiegand et al., 2016b) as waking 

ripples have been reported to be 30 - 60% lower in amplitude relative to rest-

associated ripples (O’Neill et al., 2006). The time of ripple onset was determined 
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by moving backward in time from the point of threshold detection until power fell 

to 2.5 sds above the mean. The same procedure was applied forward in time to 

determine event offset. Peak oscillation frequency was determined by 

constructing a spectrogram using a complex Morelet wavelet convolution (cwtft() 

in Matlab) for the ripple and then identifying the frequency with the highest 

power.  

Results 

Aged rats exhibited reduced watermaze performance and running speed. 

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

animals improved performance on the spatial water maze, as expressed as reduced 

path length, from the first to the second testing session (Fig. 1B, paired t-test, p 

young = 0.004, p old > 0.05). Performance between young and aged animals 

differed significantly on the second testing session (t-test, p = 0.01, d = 1.95). 

These data were also presented in Schimanski et al. (2013). 

 

Motor performance on the circular track was assessed by measuring running 

speed during task performance. Data for all experimental sessions are summarized 

in the color plots in Fig. 1C for rats running in clockwise and counter clockwise 

directions and when animals approached the reward zones (tan shaded region, 

bottom plot). Mean running speed, as calculated when animals were outside of the 

reward zones, was reduced in aged rats when compared to young rats (two-sample 

t-test, p = 0.0003, d = 3.5, mean young (n = 6) = 40.9 cm/sec, mean aged (n = 5) 

= 24.76 cm/sec). 
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Aged rats produced more ripples in the reward zones, but at the same rate as 

young rats.  

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

near reward locations. This is illustrated in Fig. 2A which indicates the mean 

number of ripples observed on each trial, organized by the location of the rat on 

the track. The shaded region indicates the reward zone. Analysis of behavior 

indicated that aged rats spent significantly more time in the reward zones relative 

to young rats (Fig. 2B, t-test, t = -3.0, p = 0.02, d =-1.7). Analysis of ripples in the 

reward zone indicated that aged rats also produced more ripples-per-trial relative 

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

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

was similar in aged and young rats despite these differences in the number of 

observed ripples. This hypothesis was tested by normalizing ripple counts by the 

time spent in the reward zones (ripple rate in Hz). Consistent with this prediction, 

no difference in ripple rate was observed between aged and young rats (Fig. 2D, t 

= 0.61, p = 0.36). Thus, relative to young rats, aged animals spent more time in 

reward zones, produced more ripples, but produced these ripples at the same rate.  

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

Given the salience of eye shocks and involvement of ripples in memory 

processing, we hypothesized that the number and rate of ripple events would 

increase on trials following eye shocks. To test this, we divided trials into shocked 

and un-shocked trials (eye shocks were delivered on pseudo randomly selected 

trials, see Methods), and assessed behavior and ripple activity. A within-session 
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difference measure was computed for each session, and these within-session 

values were averaged for each animal. To illustrate, the difference measure for the 

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

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

These within-session measures were averaged for each rat. This analysis revealed 

that aged rats spend more time in the reward zone following a shock when 

compared to young rats (Fig. 2E, t-test, t = -2.4, p = 0.04, d = -1.4). No effect of 

shock was observed in the number of ripples per trial (t = -1.8, p = 0.1), or in the 

rate of ripple events (t = -0.7, p = 0.5). Taken together, these results indicate that 

eye shocks affected the time spent in the reward zone for the aged but not for 

young animals; however, shocks did not alter the quantity or the rate of ripple 

events in either aged or young rats. 

Age-related differences in ripple occurrence during task behavior. 

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

ripples also occur during active task performance, and these ripples may be 

involved in retrospective and prospective memory processing. The following 

analyses investigated whether aging or eye shock events impact ripple occurrence 

during active task performance. Active behavior was defined as the region of the 

track that was 30 degrees (22 cm) beyond the reward zones. Specifically, all 

regions beyond the tan shaded regions in Fig. 2A were considered for the 

following analysis of task behavior. Examples of three ripples identified during 

task performance are presented in Fig. 3A. As indicated in Fig. 3B, running speed 

dipped at the start of each trail and increased as rats approached the reward zone. 
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Inspection of head position from the tracking record revealed that this dip in 

movement speed at the start of the trial corresponded to the moment when rats 

turned around 180° from the reward site and faced the destination reward zone. 

Analysis of running speed during this ‘dip’ in movement speed, indicated as the 

gray shaded regions in Fig. 3, indicated that aged rats moved more slowly than 

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

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

indicated that more ripples occurred in aged rats at the start of each trial (Fig. 3E, 

t = -2.4, p = 0.039, d = -1.4). This effect was likely due to aged rats running more 

slowly at the start of each trail as no age-related difference was observed when the 

number of ripples per unit time (ripple rate) at the start zone was calculated (Fig. 

3G, t = 1.0, p = 0.50). Although the present analysis focused on the start of each 

trial, data in Fig. 3F suggests that ripple rates may differ between groups when 

rats moved beyond the start zone. These questions are addressed in subsequent 

analyses. 

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

  Although more ripples occurred when rats were within the reward zone 

(e.g., Fig. 2A), young and especially aged rats spent considerable time in this 

region (Fig. 2B). Consequently, it was conceivable that the rate of ripple 

occurrence differed between reward consumption and track running. Track 

running was defined as periods when rats were outside of the reward zone 

(unshaded region in Fig. 2A). Paired t-tests indicated that both aged and young 

rats expressed higher ripple rates during track running (Fig. 4A, p young = 0.03, p 
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aged= 0.03, Bonferroni-Holm correction). This indicates that although more 

ripples occurred in the reward zones, the rate of ripple occurrence was greater 

during active task performance in aged and young rats. 

Ripple rates increase as young rats run towards reward zones. 

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

around reward zones. To determine if ripple rates increased as rats ran towards 

reward zones, a regression line was fit to the relationship between the location 

(degrees) and ripple rate measured on each session and the slope of this line was 

determined. The regression fit was performed such that a positive slope indicated 

that ripple rate increased as animals ran towards the reward zone regardless of 

whether rats ran in the clockwise or counter-clockwise direction. Slopes were first 

computed for each session and the distribution of these slopes for aged and young 

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

These values were then averaged for each animal for statistical analysis. Slopes 

for young and aged rats did not differ (two-sample t-test, t = 1.6, p = 0.14, n = 6 

young, n = 5 aged). However, the mean slope for young (one-sample t-test, p = 

0.048), but not aged (p = 0.089) rats was greater than zero (p values Bonferroni 

corrected for 2 tests).  

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

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

higher in young rats during track-running. It was also hypothesized that the 

location of the shock zone may also influence the rate of ripple events. 

Specifically, we predicted that ripple rates would increase as rats approached or 
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left the shock zone. To explore these hypotheses, track running was divided into 

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

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

rates for each animal are presented in Fig. 4E. Two-way ANOVA (age x location) 

revealed a main effect of age (F = 11.3, p = 0.002) but not location (F = 0.3, p = 

0.83) and no interaction (F = 0.52, p = 0.67). This indicated that ripple rate was 

greater in young rats during track running, and that the location of the shock did 

not impact ripple rate. 

Age-associated differences in ripple oscillatory frequency during sleep are not 

present in waking ripples.  

 Our previous investigation of sleep-associated ripples indicated that the 

peak oscillatory frequency of ripples in aged rats is significantly lower than in 

young rats (Wiegand et al., 2016b). We investigated whether such age-associated 

changes in frequency are also found in waking ripples. Ripple frequency was 

measured for each ripple as the frequency of peak power in the wavelet 

spectrogram (see Methods). Fig. 5 plots the mean oscillatory frequency observed 

for each rat during sleep and during performance of the eyeblink conditioning 

task. Two-way ANOVA (age x behavioral state) revealed a significant effect of 

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

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

Bonferroni correction for 3 comparisons), but not during reward consumption (p 

= 0.65) or track running (p = 0.65). To determine if the lower oscillatory 

frequencies observed during rest in aged rats increased during behavior, paired t-



234 

tests were performed that compared Rest to Reward and Rest to Track. 

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

Bonferroni corrected for 2 comparisons), but not from Sleep to Track (t = -2.15, p 

= 0.20). 

Discussion 

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

memory retrieval (Dupret et al., 2010; Jadhav et al., 2012; Nokia et al., 2012; 

Pfeiffer and Foster, 2013; Wu et al., 2017). The present study is the first to 

investigate how features of waking ripples are impacted by normal aging. We 

observed that aged rats expressed more waking ripples during reward 

consumption and task performance, and that this increase was likely a result of 

aged animals moving more slowly and spending more time at reward zones. 

Indeed, when normalized for time, ripple rates (ripples per unit time) during 

active task performance were actually higher in young rats (Fig. 4E). 

Furthermore, although previous work has shown that aged and young rats learned 

the eyeblink conditioning task at similar rates (Schimanski et al., 2013), we found 

that aged rats spent more time in the reward zones after receiving an eye shock. 

Although this suggests that aged animals are more impacted by aversive eye 

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

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

observations. 

Behavior. 
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 Behavioral testing using a spatial water maze revealed that the aged 

animals used in this study exhibited impaired spatial learning or memory recall. In 

contrast, and as shown in Schimanski et al. (Schimanski et al., 2013), aged and 

young rats learned the eyeblink task at similar rates. In the present study, we 

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

spent considerably more time in the reward zones. More surprising was the 

finding that aged rats spent more time in reward zones following eye shocks (Fig. 

2E). This suggests that aged rats are more impacted by the aversive eye shocks 

than young animals. Indeed, there is evidence from rodent work that repeated 

exposure to stressful events enhances the emotional stress responses in aged but 

not in young rats (Sapolsky et al., 1983, 1986; Shoji and Mizoguchi, 2010). 

Conceivably, the additional time spent in the reward zone following a shock could 

be adaptive as it would provide more opportunities for ripple events and thus 

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

following eye shocks was observed (Fig. 2F). 

Behavior-dependent effects on waking ripple quantity and rate. 

 Aged rats expressed more waking ripples than young rats during reward 

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

movement speed and activity of aged rats, and the known inverse relationship 

between ripple count and running speed (Jadhav et al., 2015). Indeed, when 

normalized for time spent at each location, the rate of ripple events was larger in 

young rats during task performance (Fig. 4E), but not during reward 

consumption. Thus, aged rats generated more waking ripples near reward 
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locations, but young rats expressed higher ripple rates during task performance. 

The age-related decline in ripple rate during waking behavior is consistent with 

previous reports of reduced rest-associated ripple rates in aged animals (Wiegand 

et al., 2016b).   

 

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

young animals begs the question of whether the quantity or the rate of ripple 

events are more important for mnemonic processing. This is an important 

unresolved question. If ripple quantity is critical, then it is conceivable that slower 

movement of the aged rats and the corresponding increase in ripple counts could 

help aged animals compensate for age-related memory decline and reduced ripple 

rates. Indeed, this may account for the absence of an age-associated reduction in 

spatial eyeblink learning observed in the eyeblink task used in the present study 

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

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

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

reconstruction (Foster and Wilson, 2006) could determine the extent to which 

ripples reactivate salient aversive and rewarding events, and how reactivation is 

affected by ripple rate and aging. Indeed, the aversive conditioning paradigm used 

in the present study could strongly impact reactivation as a recent study reported 

that reactivation during waking ripples replays trajectories through locations in 

which rats received foot shocks (Wu et al., 2017). 

Potential mechanisms for reduced ripple rates in aged animals. 
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Ripple generation is thought to result from the depolarization of relatively few 

CA1 pyramidal neurons following CA3 discharge (Stark et al., 2014). Thus, 

waking- and rest-associated reductions in ripple rate may reflect an age-related 

reduction in functional synaptic innervation of CA1 from CA3 (Barnes et al., 

1992). Reduced innervation could impair the capacity of CA3 to trigger CA1 

ripple events (Wiegand et al., 2016b).   

Oscillatory frequency of ripples increases from rest to behavior in aged rats.  

 Previous work from our laboratory reported that the oscillatory frequency 

of rest-associated ripples in aged rats is ~14 Hz lower than in young animals 

(aged = 132 Hz, young = 146 Hz; (Wiegand et al., 2016b). In the present study we 

compared oscillatory frequencies of ripples during rest and behavior. Although 

the rest-associated differences in oscillatory frequency were observed, these 

differences disappeared during behavior (Fig. 5). In fact, we observed that ripple 

frequencies in aged rats increased during behavior to levels that were 

indistinguishable from young rats. This suggests that physiological features of 

behavior, such as the altered neuromodulatory context or neuronal excitability, 

may restore age-associated reductions in ripple oscillation frequency. Such 

adaptations may be important for learning in aged animals given that ripple 

oscillations may coordinate the timing of action potentials so that that they occur 

within the narrow temporal window required for synaptic plasticity (< 20 ms; Bi 

ansd Poo, 1998; Jensen and Lisman, 2005). 
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Conclusions and Future directions 

 To conclude, aged and young animals expressed significant differences in 

the number and the rate of waking ripples. Surprisingly, ripple rates did not 

change with the delivery of eye shocks, suggesting a limited involvement of 

waking ripples in aversive associative learning. We also observed that although 

the oscillatory frequency of ripples is lower in aged rats during rest, ripple 

frequencies during behavior were indistinguishable between age groups. This 

suggests that age-associated physiological changes that slow ripple oscillations 

during rest may be circumvented by physiological changes evoked by behavior. A 

limitation of the present study was the fact that no age difference was observed on 

the eyeblink task (Schimanski et al., 2013), despite significant differences being 

observed in the Morris water maze. Consequently, future studies of waking 

ripples that use tasks that place more cognitive demands on aged rats, such as set-

shifting and multi-item spatial working memory tasks (Bizon et al., 2012) may 

reveal significant age-associated differences in ripple properties. 
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Figures 

 

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

eyeblink task. Rats alternated between running clockwise and counterclockwise on a 

circular track (85 cm diameter, 267 cm circumference) for food reward on either side of a 

barrier. After five laps in either direction, electrical stimulation to the eyelid was 

delivered on a 50% pseudorandom schedule at the positions indicated by the ‘eye’. Rats 

typically ran 37 laps in each direction during a given recording session. EMG signals 

from the right eyelid were analyzed to determine if blinking occurred. A 30-minute rest 

period preceded and followed each track-running session, and two track-running sessions 

occurred on each day. B) Spatial watermaze performance measured prior to implantation. 

The corrected integrated path length (CIPL) scores indicated that age rats were impaired 

at finding the escape platform relative to young rats on the final day (day 4) of testing (t-

test (age), * p = 0.01, d = 1.95, paired t-test (day) ** p = 0.004, Bonferroni-Holm 

correction for 2 tests). Thick vertical bars indicate the interquartile range, thin lines 

indicate the median, and circles indicate the CIPL score for each animal. C) Running 

speed for clockwise (left) and counterclockwise (right) traversals for each recording 

session. Color indicates mean speed (cm/sec). Aged animals were considerably slower 

than young rats. Shaded boxes indicate the reward/food zones. Green vertical lines 

indicate the shock zones. Thick lines indicate mean running speed across sessions (n = 

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

each location on the track (clockwise and counterclockwise trials were combined). The 

number of ripples/trial was largest when animals were in the reward zones (shaded 

region). Clockwise and counterclockwise trials were combined in this analysis, making 

this plot symmetrical. Values were not normalized by time spent at the reward zone (see 

Figure 6B). B) Aged rats spent significantly more time in the reward zones (t-test, t = -

3.0, p = 0.02, d = -1.7, n = 6 young, n = 5 aged rats). C) There were significantly more 

ripples per trial for the aged rats (t = -2.7, p = 0.03, d = -1.5). D) The rate of ripple events 

in the reward zone was not different between aged and young rats (p = 0.36). E) 

Comparison of total time spent in the feeder zone after rats did or did not receive an eye 

shock. Aged rats spent more time in the feeder zone relative to young rats (t = -2.4, p = 

0.04, d = -1.4). F) The number of ripples per trial did not differ between trials with and 

without eye shocks (p = 0.1). G) The rate of ripple events did not differ between trials 

with and without eye shocks (p = 0.5). 
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Figure 3. Waking ripples during the spatial eyeblink behavior. A) Examples of waking 

ripples from an aged rat observed during conditioning. Arrows point to the location on 

the track where the ripple occurred. The waveform and wavelet spectrogram are 

presented for each ripple. B) Running speed for aged and young rats outside of the 

reward zone. Running speed in both aged and young rats ‘dipped’ at the start of each trial 

and increased until animals approached the reward zone (n = 146 sessions young, n = 119 

sessions aged). The x axis indicates the linearized position of the animal in degrees. 

Vertical dashed lines indicate the location where animals received an eyelid shock on 

50% of trials. Shocked trails were eliminated from the averages so that ripple counts 

could be assessed without contamination from electrical artifact. C) Running speed at the 

start of each trial, with the start indicated by the gray horizontal bars in B, was slower for 

aged rats (t-test, t = 5.7, p = 0.005, d = 2.2, n = 5 aged, n = 6 young rats, error bars = 

SEM). D) Average number of ripples per trial during track running. E) To assess whether 
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the incidence of ripple events differed between aged and young animals, the average 

number of ripples per trial was computed at the start of the clockwise and 

counterclockwise journeys.  The average number of ripples per trial was larger in aged 

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

the increased number of ripples in aged rats was due to their slower running speed, the 

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

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

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

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

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

Although more ripples occurred when rats were in the Reward Zone, ripple rates were 

lower in the reward zone relative to track running. Paired t-tests indicated that both aged 

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

aged= 0.03, Bonferroni-Holm correction). B) The slope of the regression line that fit the 

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

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

indicates that ripple rate increased as animals approached the reward zone. The 

histograms present slopes for all analyzed sessions (n = 146 young, n = 119 aged). C) 

Slopes for young and aged rats did not differ (two-sample t-test, t = 1.6, p = 0.14, n = 6 

young, n = 5 aged). Slopes for young (one-sample t-test, p = 0.048), but not aged (p = 

0.089) rats were greater than zero (p values Bonferroni corrected for 2 tests). D) 

Schematic of zones on the track used to identify changes in ripple rate as a function of 

location. Each zone was 30° in extent. Clockwise and counter clockwise journeys were 

combined. E) Average ripple rate at each location on the track. Two-way ANOVA (age x 

location) revealed a main effect of age (F = 11.3, p = 0.002) but not location (F = 0.3, p = 

0.83) and no interaction (F = 0.52, p = 0.67). 
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Figure 5. Oscillatory frequency of ripples during rest and behavior. Mean (±SEM) 

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

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

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

p = 0.12). Post hoc comparisons revealed an effect of age during sleep (t test, t = 3.7, p = 

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

0.65). To determine if the lower oscillatory frequencies observed during rest in aged rats 

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

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

0.04, Bonferroni correction for 2 comparisons), but not from Rest to Track (t = -2.15, p = 

0.20). 

 

 

 

 




