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ABSTRACT

Memory is one of the most important faculties of the miMemory keeps a record of our
experiencesvhich enrictesour sense of self, enaslus to make adaptive deasis in the
presentand informed plans for the futurdistorically, memory research has focused on the
hippocampal formation in the medial temporal lobes which is critical in the initial stages of
memory formationMore recently, memory research expandeohtlude neocortical areas
especially with regards t@mote memoryAn open question in neuroscience is what happens to
memory representations in the brain with time. It remains unclear whether the contribttien
hippocampugo memory decreases witime in favour of the neocortex, oribththeir

cortributions stay the same. In this dissertation, | use thehoaman primate model to examine
theneural mechanism underlying memory formation in the hippocampus, as well as the
contribution of neocortal areas during remote memolhy.the firststudy,| present findings that
the neural mechanism underlying memmeterogenous; varyirigy waking stateand

underlying spiking of different neuronal typés the second studyfdécus on two neocortical
areas alongside the hippocampus present findingshat support a greater role for neocortical
areas during remote memoiihese findings support the idea that memory dependence shifts to

areas outside the hippocampus with time.

Thesis Supervisor: Kari Hftnan
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Chapter 1. Background

Our dailypersonakxperiencesmduce longlasting changem the brain thatorm the
physiologicalrepresentationf our memory fortheseexperiencesWherein the brain ddhese
changes occur? whattisar natue?and what happens todphysiologicalrepresentationf a
memoy as time goes éhiMemory of ourpersonakventswould not be possible without the
hippocampl formationin the medial temporal lokseDaily experiences inducédangesn the
brain areaha come in various forms and timescaiesuch aseceptor traffickingchanges in
the efficacy of synaptic transmissioeplay of experiential activitgndsystemdevel
morphologicalchanges all working in tandem to lay down the foundation for the jptgis
machinery of memagr These myriad and flexié changes are the tools the brain usesdate
memories of our valuable experiencéhis chaptereviewsour understandingf eventmemory
the role of théhippocamjal formation in retaining memory forents,synaptic plasticity

mechanismsthe role of sharwave ripplesandsystems consolidation



Introduction : brain area key for experiential memory

One of our most cherished abilities is aapacity for mental time travdt allows us to
keep recordof ourpast defines who we are in the present, and enablesplanfor the future
Dalily life experiences leave lastipdpysicalchanges in the bimwhich are thought to underlie
our memory of themStudying these changes enables us to understandur remembered
experiences anepresented in the brain, and howsomedisease statdbese representations
gradually fade awayBut how coulda lump of tissue consisting of billions of cells represent

memoryof an everyday life eveft

One of the mosimportant milestones in answering toisallenginggquestion was the
discovery thathe medial temporal lobes are particularly important for dheg-term preservation
of memory for experience$his discovery has its origgwith observations thanhdividuals with
perturbations in this brain area are unable to form-teng memories of everyday livents
Themost studid and documentedase of this kind ithatof Henry Molaison, better known as
H.M who struggled with debilitating seizureandas treémenthad sizable portions of his medial
temporal lobes excisdthcluding the hippocampal formati@nd most of the amygdal&@orkin
et al. 1997). Although his seizures were successfully controlledhytrocedure H.M suffered
a peculiar sidesffect he was unable temember new people, names, places and eadpts
minutes after encountering th€anterograde amnesjaand had lost memories of events that
happened close in time to surgegyadedretrograde amnesia(Scoville and Milner 1957;

Corkin 2002)H. M6 s  svdsakin ® beingoermanetly stuck in the present momeiatr in his
own wor#de fwaking from a dr eMiléeeetad n1968)Hedad i s al
largelylost the ability to updte his personal life narrative through cumulative life experiences,

the process through which we maintamd devip our sense of selh the world



Closer examination dfl . mMénwryrevealed thathis inability to make new memories
was limited to merory for facts and events encountered in everyday lifetfhaitother kinds of
memory were intactFor examplehe had a reasonably functional shirtm memoryi meaning
he could remember a limited amount of information for a few seconds to minetesulH
solvemotor taskghathave a extensivdearning compnentdespite denying ever seeing the task
or having learned ifCorkin 2002) He couldalsolearn simpleasso@tions, such ablinking in
response to a tone that pretdian air puff to the ey@VvoodruffPak 1993)Empirical esidence
from H.M and other amnesic individuals wkrturbatios in the same arehue to surgery or
damaggBaddeley and Warrington 1970; Brooks and Baddeley 1976; Cohen and Squire 1980)
confirmedthatstructures in thenedial temporal lobéhippocampal formabin and nearby sites)
arecritical for creatng longlastingconscious recollectiors everydayexperiencesBased on
thesefindings, the hippocampal formation in the medial temporal lobe emerged as a brain area
through whichneuroscientistsan begin to nderstand howhis mostcherished kind onemory

is represented ithe brain.

Memory of experiences or what-happenedwhere-and-when

Accumul ating evidence about the medi al
helped to solidify the previously mited distincions between different memory typdslving
(1972) and Squire (1938listinguished between forms of memory that are expressed through
performance (called nondeclarative or implicit memory) and those expressed through
recollection (also caltbdeclarative or explicit memory)ondeclarative memory is procedural
in nature andllows us to remember motor skills such as how to alaysical instrumerdr

ride a bicycle. It does not requicenscious recollection @wareness of the memory corttand
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includes priming (learning based on exposure and lack of conscious guidatteston) and

other stimulugresponse habits. Nondeclarative memories rely on brain sites such as the striatum,
cerebellum and sensory cortical areas. In contrast, déeamemory is memorhat can be
consciously recollecte@nd isoftenclassifiedinto memory of episodes events of everyday

life (also called autobiograplator episodicmemory)and memonof semantic items such as
facts(Tulving 1987; Squire and Zolslorgan 1988) The findings fromamnesidndividuals with

medial temporal lobdamagesuggested that the hippocampal formatiocriigcal for the

retention ofthe consciougecollectionkind of memory.

In humansgdeclarativememory isrelatively simpleto study andftenrelies on subjective
verbalrecallof experiencedHowever, a sizde portion of research on the biology of memory is
conducted on nonhuman animals which do not speaitessg their memory solely through
performancehereforehindeiing the possibility of evaluating their conscious or declarative
memory. To circumvent th fact, researchers hagarefully desigedproxy taskshat tap into
elements of declarative memory in order to gain indirect knowledge about how the hippocampal
formationcontributes to conscious memdiurray and Wise 2010Dne such proxy t&swhich
is used extensively is the objantplace scene task developed for use in monkeys by David
Gaffan. This task requires monkeys to find one of two objects in a cagosne of geometric
forms of different size, shape and colour for food rewareknidry for the correct objestcene
combination is impaired following damage to the hippocampal sy&kaifan 1994h)The idea
behind objecin-scene memory is that episodic memory is often definatidgpatial, temporal
and othesensory contexti® whichit occured An episodic memorgontainanformation about
anitem, objectorevent( t lwbabfh t hat opedfiotrirneegterfaft ian a parti cu

p | a evieere) @layton and Dickinson 199&layton et al. 2001)Capitalizingon these



features, researchers developed behavioural tests in aninsakine 1) content: that an

animal remembersanaved wlif @t cand its aswhembdawdatnoont ext (1
occurred), 2) structure: that eteand context information make up a single representation, and

3) flexibility: thatthe memory can be used to produce an adaptive behavioural response in a

different but similar evenBecause memory on these tasks is evaluated through performance and
notthroughassessingonscious recollection, it is customary to describe these tagkénrals as

episodiclike memory taskgAllen and Fortin 2013)

The whatwherewhencharacterization of episodic memdrgisguidedthe developmen
of memorytasksto studyof episodic memoryn humangHolland and Smulders 2011)
nonhuman primategioffmanet al. 2009; MartirOrdas et al. 201&nd rodent¢Babb and
Crystal 2006; Ergoruind Eichenbaum 2004; Eacott et al. 2005; Hake et al. 2006; Dere et
al. 2006) A common variant of these tasks involveslaing two of the threeomponentso
study the underlying neakmechanismd-or examplewhatwheretasks require subjects to
remember where specific events occuwedhatwhereassociationsalso commonly called
objectplace (Allen and Fortin 2013)T h evhad c omponent eéecganwdomoad | 'y an
particular fooda nd whéw@ B omponent i s typically a place
studies, or a location on a screen or a visual scene in primate studies. Behavioural tasks involving
whatwhereassociations have been extensivanducted in humans, nrdruman pimates
(Gaffan 1994aand rodent$Gilbert and Kesner 2003a; Gilbert and Kesr@d3b; Day et al.

2003)

The curent workingframeworkfor the neuraprocess underlying episodiike memory
suggests thatuting an experiencénformation flows from primary sensory areas into two

partially overlappingtreams e pr e s e whab m glwhéribe cfo m p whiclebedorse



boundinto ac o n j u nvbat happenediwhebeepresentatiom the hippocampus.

| nf or mat i ommaba bcoourtpiembiehjedieents which represent thententof an
experiencgis channeled through the permhl and lateral entbmal areas, while information

a b o wherefiwiich represent thgpatialcontextof an experienges channeled through the
parahippocampaind medial entorhinal areéBurwell 2000; Lavenex and Amaral 2000;
Eichenbaum et al. 2007; Knierim et al. 20I#)ese streams integrate in the hippocampus which
serves t whatwhereéh gc @« mpoment s of episodic memory i
(Gaffan 1994a; Gilbert and Kesner 2003a; Gilbert anch&e2®3b; Day et al. 2003; Rajji et al.
2006) Consistent with thisramework damage to the hippocampus does not impair item or

o0 b ewmhdd ) ( fime bubtrathgrimpairs the specifiiwhatwhere representatios Similar
findings arwhatwhérs etr altokgh thenprodessing of the temporal component
of episodic memory imuchless understoofBuhusi and Meck 2005; Lehn et al. 2009;
Eichenbaum 2018)n the next sectign describe thanatomical features of théppocampl
formation and theeuralproperties that allow it teetain information long after an experience

has passed.

Theb r a iseadanster

Contained within the medial portion of the temporal lobé&éshippocampal formation
which @nsists of the entorhinal cortex, parasubiculuraspbuculum, dentate gyrus (DG), and
the hippocampus propueiith its three subdivisiongornuammonisl, 2 and 3 (o€A1, CA2 and
CA3). Unlike the common organizatiahfeature of connections in neocoriicagions that
connect reciprocally (region A cortcte to B and B connects back to A), the circuit in the

hippocampal formation is unidirectionalth signal flowing in one directiorSuperficial layers

6



of the entorhinal cortex receiveost of theneocortical input to the hippocampal formation.

From thereaxons project on the perforant path to the dentate gyrus (among other sites). Granule
cells in the dentate then give rise to axons called the mossy fibers that synapse on pyramidal cells
of the CA3, which in turn project axon fibers (Schaffer collatertdsthe CAL1. CALl cells then

project to the subiculum and then back to the deeper layers of the entorhina{Andersen et

al. 2006)

The advent of macr@and micreelectrodes placed carefully within the hippocampal
formation to study the electrical activity of its neurons greatiyrovedour understanding of
hippocampal function. Such recordings madeitro using brain sbesandin vivoin awake
animds led to theexcitingdiscovery that the strength of synaptic transmission between
hippocampal neurorsan change in an experierdependent manner. By inducing high
frequency stimulation to the perforant path of the hippocampus for a few setondiijss and
TerjeLomodiscovered that synaptic efficacydownstream neurortan be enhanced for
several nmutes and hours afterwar(Bliss and Lomo 1973)he discovery of what has become
known adong-term potentiatior(LTP) demonstratethat activity between neuronsn a brain
area believed to be involvedtimeretention ofeverydayexperiences can change in a lorg
lasting manner. LTPPepresented the firsbechanistic explanation for how the hippocampus can

possiblyretaininformation from an experience long after it has passed

A substantial body of workn LTP haslemonstratethat thepotentiationdurationvaries
with the intensity and duration of stimulatiarnich can last more than a ydabraham et al.
2002) The molecular mechanisms underlying this kegting change iefficacy wereidentified
andfound to depend othe NMDA receptor othe excitatory neurotransmitter glutamate. When

activated, NMDA receptors produce a strong influpo$tsynaptic C&which triggers a



secondary messenger cascade recruiting kinasesasU€CAMKII, PKA and MAPK(Kandel et

al. 2014) The kind of kinases recruitednd the downstream results vary depending on how long
the change in efficacy will last. Shadrm orearly-L TP results from increased trafficking of
AMPA receptors to the poslynaptic terminal increasing the response to synaptic transmission.
Long-termor late-LTP results from kinases inducing gene expression changes that modify the
structure of the syaptic terninals such as the enlargement or addition of new dendritic spines
enhancingynaptic efficacyn a prolonged mannéBosch and Hayashi 2012)ong-term

changes in efficacy are hilirectional just & synaptic strength can increase, it can also decrease
(called longterm depression, LTD) using similar agposingmolecular mechanisms to LTP.
This up and down regulation of synaptic strength as aulesf usecame to be known as
synapticplasticity, andprovideda physiological substrater memory formation theorised by

JerzyKonorski andDonaldHebbovertwentyyears earlie(Hebb 1949)

Since the discovery of LTP in the hippocampmysapticplasticitywasobserved irthe
cerebellumMcCormick et al. 1982)subcortical eeas such as the amygdéBauer et al. 2001)
nucleus accumbens and ventral tegmemtad(Citri and Malenka 2008)xand neocortical areas
suchas visual cortical area {Bchuett et al. 2001jnotor cortical area M{Rioult-Pedotti et al.

1998; Teskey et al. 200refrontal corteXLischer and Malenka 201, Bndauditory catex

(Ahissar et al. 1992)his ubiquity strongly suggestetthatsynapticplasticity is aflundamental
property of the braianda candidate mechanism through which the brain learns and remembers.
In the following ®ction, | describe evidence thatks synaptic plasticity mechanisnsthe

formation of memory representations in the brain.



Synaptic plasticity and memory hypothesis

In order totest the hypothesis that synaptic plasticity underlies learning and memory,
(Martin and Morris 2002proposedfiour assessment criteria) detectability that it should be
possible to detect changes in synaptic efficacy following lear@jranterogradealteratiory that
if some manipulation that blocks, enhances or alters synaptic plasticity were to be given prior to
learning, memory should be affected according)yetrograde alterationif learning were to
occur, and then a treatment is given thagff the epression of synaptic plasticity, what has
been learned should also be affected, and ld¥tyimicry, if memory resides in a specific
distributed pattern of altered synaptic weightspecific neuronghe artificial creation of such a

patternortraces houl d create a oO0fal se memoryd for an

To date all four criteria have been metstudies using rodent subjedBetectability was
demonstrated in studies where learning is immediately followed by an readgomi of
hippocampal electrophysiolog8imilar to earlyLTP, learningwas foundo induce persistent
increases in synaptic transmissi{®ogan et al. 1997; Whitlock et al. 20@6jough AMPA
receptor trafficking Rumpel et al. 2005; Matsuo et al. 2008; Mitsushima et al. 2@Irhjlar to
lateLTP, learningwas alsasshown to induce changesiNA structure through methylation and
histone modificatiorfDay and Sweatt 2011hat regulate the transcriptional machinery of a host
of genes involved ialteringsynaptic transmissiordditionally, leaning wasshown to increase
dendritic spine size @numberMoser et al. 1994)and induceosttranscriptional changes in
kinases such a&aMKII necessary for the induction &ff P through AMPA receptotrafficking

(Lisman et al. 2002)

Retro and anteregrade alterations were testialoughinterventons to the molecular

cascade of LTP either before or after a learning experemmdéesting the effectsn memory.
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For exampleinhibiting NMDA receptors (whose activation is necessary for LTP induction)
either pharmacologically using the antagoABY (Morris et al. 1986pr through genat
knockoutsof NDMA subunits(Tsien et al. 1996)rior to learning inpaired subsequent memory.
In a similarmanney applyinge-pseudesubstrate inhibitory peptid&IP) afterlearning was
observedo disrupt memory of the learned ta#kastalkova et al. 2006JIP is an inhibitor of
protein kinase MzetPKM-g) which is necessary and sufficient for LTP maintenance

(Sajikumar et al. 2005; Yao et al. 2008)

Testing thdast of the assessment criggir i.e. mimicry - involvedrecreating a
distributed pattern of altered synaptic weighty re-activaing cells that were active during an
experiencé to testwhether it wouldllicit recall To identify cells active during a brief learning
experienceesearchers typicallgouplethe expression of an IEGsuch ag-foswhich is
promptly upregulated due to neuronal activityo a permanent label such as a fluorescent
proteinfor later visualization or lightensitive ion channels suchasnnelrhodopin-2 (ChR2)
for subsequerdrtificial activationwith laserlight. This allows only cells active during a brief
|l earni ng extagged efnocre ltaot ebre ofib s e FovexdampleLmamdr mani p
colleaguegagged hippocampal DG neurons thatevactive duringontextual fear conditioning
in a group of mice with ChR2. Days later, the mice were placed in a different context and the
tagged cells were activated using a focused light pflabeet al. 2012) This artificial activation
of the @llIs active durig the brief conditioning experience elicitextrieval of the conditioned
fear memoryffeezingbehaviour) Alternatively, inhibiting those cells in the DG, CA3 or CA1
regions of the hippocampusising another opsin calldédhlorhodopsirpermeable only to ClI
ionsi active during fear conditioning inhibits freezi(@enny et al. 2014; Tanaka et al. 2014)

In another study, DG neurons active when mice explored a particular chamber (context A) were

10



tagged with ChR2 and later activated in a diffiiéntext (context B) as the mice received foot
shocks. When placed back in context A, where the mice never received any shocks, the mice
displayed freezing behaviour suggesting that simply activating neurons representing context A
during foot shocks in different context is sufficient to create a memory between context A and

foot-shockg(Ramirez et al. 2013)

Tag-andmanipulate studiegrovided strong evidence fdre idea that neurons active
during an experience arieet same neurons activen that experience is recalléthis idea was
first tested by fluorescently tagging neurons active during learning and retrieval and quantifying
the overlap of activeells(Reijmers et al. 2007 onsistent with the syaptic plasticity and
memory hypothesis, cells active during an experience are observed to undergo strengthening of
synaptic transmission measured by an increase in AMPA/NMDA postsynapgatoatio
indicaing upregulation of AMPA receptors and spirendity(Ryan et al. 2015Despite the
reliance on maimpoverished form of memoiyonically expressed through behaviour cessation
freezing in response to a confetiesetag-andmanipulatestudies demonstratgutoof-of-
principle for the ideghat newons active during an experience are also active during reeaill,
their reactivationcanelicit recall and that they undergo lotagting synaptic plasticity changes.
In the next sction, | describ@ candidate mechanism through whigurons active ding an

experience can induce lostgrmplasticity changesesulting in stable memory representations.

The sharpwave ripple:ithe br ainds plasticity inducer

A largebody of evidence suppedthesynaptic plasticity athmemoryhypothesis that

biochemical and morphological changes on the level of circuits and systems underlie learning
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and memory formation. And whilge understood how to trigger such mechanisms
experimentally through electrical stimulation, it was uacler some time ha synaptic
plasticity is triggered endogenously. Daksbrainengage iranendogenous, activity
dependent, higfrequencyelectricalactivity similar to experimentally induced protocoltet

could inducdong-lastingchanges in synaptiefficacy?The ansgver is yes.

If we place an electrode in the hippocampus and observe the electrical activity as a
subject goes about its ylaa world of electrical activity patterns is uncovered that vary in their
oscillation frequency, duraticendincidence These patterns of electrical activity reflect the
summed activity of large numbers of neurar@king in tandenaround the electrode tlpading
to synchronous neuronal activity or rhythmical electroencephalographic (EEG) a@ivityaki
et al. 2012; Einevoll et al. 2013pneof the most important of these electrical patterns in the
hippocampus is theharpwave ripple(SWR), which is abrief (50200 ms)neuralpopulation
eventresulting from the synchronised spiking of CA field neurddben recorded
extracellularly, i consists of a large amplitude negative polarity deflection caléhgwave
and afastoscillatorypattern called apple. The frequency of the fastcillation varies between
80 to 140 Hz in nothuman primates and humaigragin et al. 1999; Le Van Quyen et al. 2008;
Staresina et al. 2015; Logothetis et al. 2012; Leonard et al. 26@5)40 to 200 Hz in rodents
(Ylinen ¢ al. 1995; Sullivan eal. 2011; Hulse et al. 2016; Buzsaki et al. 2008 participation
and temporal dynamics of different cell types and CA regions during the\shagpripple
remain under investigation and much is yet to be uncovered. Broadlikisg however, there is
consensus thahé sharpvave component results from the inward currents broughitdy the
synchronous discharge of CA3 pyramidal cells onto theapidal dendrites of the CAL field,

whereas the ripple component results fromhighfrequency synchrones discharge of
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pyramidal cells and interneurons of CA1 cell lagieuzsaki et al. 1983; Sitan et al. 2011)

Recently, CA2 neurons have been shown to synchronously activate before CA3 and CAl
neurons suggesting it might be involved in the initiation of the ri(pliza et al. 2016)

Additionally, CA regions are not believed to act in a functionally uniform manner during ripples
but that their involvement depends on laminar locatiai@f neurongdeep vs sugrficial). For
example, the strength of Pviediated inhibition of pyramidal neurons during ripples was found

to be increase along a gradient from superficial to deep layers which determines CA1 pyramidal

cell participation(Valero et al. 2015)

Replay of neuronal activity patternsduring sleep andwaking

The most remarkable featuretbe sharpwvave rippleis its representationaontent A
closer look at the pyramidal cells participating in the Higlgquency ripple component reveals
that theirspikingactivity reflects a temporally compressed version of earlier sequesyiking
patternsIn the rodentthese spiking sequencekhippocampal pyramidal neurons represent
earlier navigatiofrelated experiencd¥Vilson and McNaughton 1994; Skaggs and McNaughton
1996; Nadasdy et al. 1999; Lee and Wilson 2002¢pther wordsduring ripples euronsreplay
their earlier spiking pattesnduring navigation experiencisa timecompressed mannas

shownin Figure 1.
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Figure 1. Replay of navigatiapiking sequences during sharp wave ripples. a. Spikes

from actvate place cells are ordered by their activation sequence (top) as a rodent passes through

the cell sé place fields on a-wadveripgeatop=t r ac k
broadbangdbottom = bandpass filter 15D0 Hz) is shown on top and iteabded spike content
is shown below. Note how spike content replays a time compressed version of the spiking
sequence from the earlier navigation trajectory on theAdtpted fromColgin 2016)

In primates, this replaghenomenois similarly observed during ripplealthough the
type ofcontentthatthe spiking representemainsunknown(Vaz et al. 2020)Replayduring
rodentripplesstarts in the hippocampysadasdy et al. 1999; Lee and Wilson 20B@ster and
Wilson 2006; Csicsvari et al. 2007; Diba and Buzséki 2007; Ji and Wilson 200 Titates
replayof spiking sequenceas various cortica(Qin et al. 1997; Ji and Wilson 2007; Peyrache et
al. 2009)and subcorticahreagPennartz et al. 2004; Gompeet al. 2015)This distributed and
widespread repetition of earlier neuronal activity patteurgd ripples is wekllsuited to promote
the consolidatiof earlier experiences into stable, letggm memoryepresentationgCarr et al.
2011; Girardeau and Zugaro 2011; Sadowski et al. 2011; Roumis and Frank ag4#kiB
2015) An experience is therefothought to be initially encoded in ensembdésippocampal
neurons, which are then repeatedly reactivated leading to strengthening of the neural
representation of the experience throughout the brain.
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Thus, theipple providesl) an endogenous, synchronous and spontaneous population
event that occurin the brain area necessary for episodic memory formation, 2) nera!
activity underlying experience ieplayedseveral times in a timeompressed manned) co-
activating large numbers of neurons and organizing their firing in a fast sweitdr to the
tetanic train used to induce LTPhesefactorshaveledto the hypothesithatripplesarethe
mechanism by which the brain induces synaptic plasticity asahgt underlie memory
formation(Buzsaki et al. 1987; Bliss and Collingridge 199B}hatindeed is the mechanism by
which memory representations are formed, then we could predict that disrupting ripples would
impair learning and memory formatiohhe current eidence supports thigredictionand show
thatmemory is impaireavhenripplesoccuring after learningare interruped usingorief closed
loop electrical pulsefGirardeau et al. 2009; E¢gdtengel and Wilson 2010; Nokia et al. 2Q12)
Adding further support to this hypothesgigple-associated replayf firing patternshas been
observed tanduceL TP at CA1 syapsesn vitro (Sadowski et al. 2016)vhile optogenetic
silencing of CA1 pyramidal neurons during rippless been observedteduce the stability of

place cebthat replay their activity during disrupted rippl(@&oux et al. 2017)

In humans and nehuman primategsjpples wereiitially observed duringffline states
when the brain is not actively engaging with sensory information. These offline states include
sleep(Axmacher et al. 2008; Staresina et al. 20&baesthesiéLogothetis et al. 2012; Ramirez
Villegas et al. 2015and quiet wakefulnesshich refer to awake buton-active states such as
eyes closeth a hospital be (Le Van Quyen et al. 2008) in a darkened boot{fskaggs et al.
2007) In 2015 ripples were observed during online statewellwhen the brain is actively
engaged ira cognitivdy demandingask. While recording fromhesusnacaqued,eonard et al.

observed ripple®ccurringasthe monkeysvereactively searching for targets in visual scenes
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(Leonard et al. 2015 his suggestedhatripplesmay play a broader role than sty serve to
facilitate consolidation of memory in subsequent offline states. A new working hypothesis
developed and suggested that reactivation of previously learned information during waking
ripples may be mechaism toguide ongoing behavioufRoumis ad Frank 2015; Carr et al.

2011; Joo and Frank 2018his hypothesis is based on the understanding that episodic memory
retrieval depends on the recovery of neural activity present when the memory was first
experience, which often occurs during rippleshi@ form of replayln 2017,Leonard &
Hoffmanfoundthatripple incidence increases whermonkeysare viewing familiar scenes, and
that ripples occur more frequently when the a
visual scenélLeonard and Hoffman 2017Jhis suggested that the increased incidence near
remembered targets mag facilitating the retrieval of the remembered target ionand

therefore guiding gaze towards it consisteitha role in memory retrievah similar finding

was reportedh humans where ripple rate incred4e2 prior tosuccessful retrieval infaee

recall tasiKNorman et al. 20199nd a paired associate verbal memory {&siz et al. 2019)
Successfl retrieval was also associated with greater synchrony between the hippocampus and
the medial temporal gyrismphasising the importancelippocampaheocortical couplindor

recall More recentlysuccessful retrial in the paireehssociate verbal taskas shown to be
associated with triadpecific ripplelocked replay of neuronal spikes that occurred during
learning in the medial temporal gyr(éaz et al. 2020)These findings complemeabservations

in rodentstudieswherewaking rippleshave been shown tbe important for memorguided

decision makindgJadhav et al. 2012)epresent potential fututeajecbries(Pfeiffer and Foster
2013; W et al. 2017)and increase in incidence with learnifitapale et al. 2016)n this

section | reviewed a promising mechanism by which memory representations areameated
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recalled through replaying of experieragsociated neural activityn thefollowing section |

discuss wht happens with these representations with timeneasories age.

Standard Model of Systems @nsolidation

The plasticity mechanisms underlying memory revealednieaoryformation is a time
dependent process. For an experience tejesented itong-term memoryrelatively slow
genetially inducedmechanismsire employed to create new dendritic spisgeaptic
connections@nd to reorganize synaptic weights across neuronal circuits to represent new
information(Kandel et al. 2014} ong before we understood thdgae-dependent physiological
changes, empirical psychologidtkiller and Pilzeckehad found that immediately following
learning memory is easily disrupted thgbuearningnewer information but that with timehis
vulnerability to disruption decreasdsey concluded thainmediatey following learning, some
physiological process works to strengttie@ memory of the newly learned informati@amd that
the intensity of this process decreases with tiexelainingwhy interfering with this process
was dsruptive to the memory earéfter learningout notafter some time has pasg@ddicGaugh

1999) They called tfs process by which memoiy solidified with timeconsolidation

Consolidatiortheoryappeared texplainthe puzzlingcondition oftemporally graded
amnesiaobsrved in individuals after traumatic brain injushere memonjoss is stronger for
recent memories argtaduallyweaker for older or more remote memsi{Russell and Nathan
1946; Squire et al. 1978} suggested that brainjury is more likely to affect recent memory
becauseihasndt yet bwhidespadngaireadydonsdlidatealdermemory This

early work by empirical psychologists coupled with later findings abount#dial temporal lobe
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andtemporally gradedetrograde amnesia led to the development ofyisems consolidation
framework. In this framework, memory is initially dependemtloe hippocampus, and is liable

to being disrupte@with disruption to the hippocampyidbut that with time the memory gradually
becomes less dependent on the hippocampusnaseapermanent memory develops in

distributed regions of the neocort¢Squire et al. 2015Memory representations are thought to
develop upon learning in the neocortex but require time to undergo changes inestructur
distribution and connectivity among distant brain regitias ensure a mempbecomes stable

and longlasting During this gradual development, some interaction is held to occur between the
hippocampus and neocortex during which initially vulnerabpeesentations in the neocortex

are strengthene@®ased on this understanding, the neocortex is often descrilbddad o w
learred, requiring the hippocampus to gradually
multiple cortical regions that are actigethe time of learning and that represent tleenary.

The rate at which the neocortex can develop stable representations is thought to depend on prior
knowledge with faster learning occurring when new information is consistent with previously

learned inbrmation(McClelland 2013)

Evidence for this frameworf how memory representations change over tinmeeso
from studies on memorimpairedindividuals brain imagingof blood flow duringnormal
memory and animal studies. Studies on menmmgairedindividualstypically involve memory
assessmentd patients wth bilateral damage to the hippocamgasd nearby areas because
pure bilateral hippocampal damage is raRgtients are quizzed on their memory of recent and
remote events (of autobiographical or news events for example) and are ofttofbane
memay loss for recent but not remote memoxi€apur and Brooks 1999; Bayley et al. 2003;

Kirwan et al. 2008; Manns et al. 2003; Buchanan et al. 2005; Kopelman and Bright 2012)
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Studies on healthy volurdes using nemimaging toolgypically examine blood flow to different
structures as a proxy foneuralactivity i when recall ofecent or remote memories. The
betterdesigned of these studies @sprospective approach where participants learn similar
information attwo different time points before being scanned (for exampleedk before and
15-minutes before scanning to represent remote and recent memorymber of findings from
such studies isonsistent with systems consolidatgimowingthat tre hippocampus more
active during recall of recent memory compared to renaote that the neocortex shows the
opposite pattern being more active during remote compared to recen{Takalhima et al.

2009; Yamashita et al. 2009; Furman et al. 2012)

Another approach to verifying systems consolidation is to use animalspaosipective
approach to control when material is lead along witlthe enhanced ability to selectively target
specific brain areas-or exampleZola-Morgran and Squirgained monkeys on a series of
object discrimination problems encountered at varying timepoirt$ (2eeks prior to lesions to
the hippocampus and pafnabocampal cortex). Two weeks later, memory assessment revealed
that whereas problems learned shortdjobe surgery were impaired, ones learned @2veeks
earlier we sparefZola-Morgan and Squire 1990Rodent studies irsgy memory tests such as
social transmission of food preference and fear conditioning have also feemgaral gradient
of memory impairment when the hippocampus is damégied and Fanselow 1992;

Anagnostaras et al. 1999; Winocur et al. 2001)

The development of tools for more precise spatial and tempanaitoringandcontrol of
neural activity allowed for more refined methods to probe the same questdteternine
which areas are engaged during recent versus remote meéoonpared to lesion studigbese

tools allow for a more elegant approach that doeseupiire irreversibly damaging an area to
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examine its engagement and instead allowing for a better assessment of their contribution. Some
of the tools used to monitor cell activity include tools fo s e | et catgi gudrdnlaplts thaat

were active during eecall experience either through radioactive labelBgntempi et al. 1999)

or quantifyng cell activity through immediate early gene (IEG) expres@waviel et al. 2004;

Tayler et al. 2013)r dendritic spine growtfRestivo et al. 2009Dther tools allow for dective
activation or inhibition of cell populations in different areas during recall using optogenetics
(Goshen et al. 2011; Bero et al. 2014; Coseaye et al. 2014; Kitamura et al. 20b7)

DREADDs (Varela et al. 2016)0thers use pharmacological intervensdo inhibit synaptic

plasticity mechanisms such as DNA methylatibfiler et al. 2010) AMPA transmission

(Einarsson et al. 2018y NMDA transmissior{Corcoran et al. 2011)

Several studies usinfé highresolution approaclselescribed aboveave found
evidence supporting atemporalgradiert e r e by a memoryd6s dependence
initially high when the memory is recent, and then gradually decreases with time and increases
towards neoartical areas as the memory becomes oléer.exampleBontempiet al.1999
trained mice on a ddal arm maze. Following training, mice were tedtmdrecall either 5 days
(recent memory) or 25 days later (remote memory) and their brains were aralydiéférential
uptake of a radioactively labeled version of glucosmediately following recallWhile the
hippocampus and neocortical areas were active during recent recall, neocortical areas were more
activeduring remote recallnd hippocampal activitggs well as correlation with performaneas
diminished Studies using a variety of approachesalibed earlier have found similar evidence
of a dependence shift towards several neocortical hot spots that itteduaieterior cingulate
cortex(Maviel et al. 2004; Frankland et al. 2004; Restivo e2@0D9; Miller et al. 2010; Goshen

et al. 2011; Vetere et al. 2011; Bero et al. 2014; Einarsson2818; Kitamura et al. 201,7)
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retrosplenial ortex(Maviel et al. 2004; Corcoran et al. 2011; Tayler et al. 20da8)etl
(Frankland et al. 2004; Tayler et al. 20J®)sterior cingulate, infralimbic, prelimbic, temporal

cortices(Frankland et al. 2004)

Incongruent findings lead to an alternative interpretation: Multip le Memory Traces

Despitenumerousstudies confirming the temporallyaded nature of memory loa$en
the hippocampus is damagedherstudiesfound equal amourstof loss for both remote and
recent memoryFor exampletesting ofpatients with medial tengwal lobe damagthat carefully
distinguished between semantic (knowledfievents andacts) and episodic (autobiographical)
memory showea flat gradiert; that remote episodic memoryeagually impaired at recent and
remote time point§Rosenbaum et al. 200Steinvorth et al. 2005Y his suggested that
hippocampal damagasoimpairs recall of remote mory.This finding is supported by studies
on healthy volunteers showing equal hippocampal engagement during remote memory recall
(Fink et al. 1996; Ryaet al. 2001; Maguire and Frith 2003; Addis et al. 2004; Viard et al. 2007)
yetmany ofthese findingsreconfounded by having interviewed the particigaaibout their
memory during prescreeningvhich would engage the hippocamgBsickner et al. 2001 A
later studycorrecting forthis confound found hippocampal activity correlated not with memory
age but with vividness of remote memd@ilboa et al2004) More recent studies have shown
thatthe hippocampscontinues tdeactivatel reliably during retrieval of remote episodic
memoy (Bonnici et al. 2012; Sekeres, Winocur, Moscovitch, et al. 20M8)eover, some
rodent studieghat lesioned the hippocampus and probed respdgal and feaconditioning
also found a flat gradient after hippocampal lesi@gherland et al. 2001; Clark et al. 2005;

Lehmann et al. 2007; Sutherland et al. 2008; Sparks et al. 2011; Broadbent and Clark 2013;
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Ocampo et al. 2017; Sekeres, Winocur, Moscovitlal. 2018)Perhaps,hestrongest such
evidence comes from optogenetic studies that tag encoding hippocampal neurons (in DG, CA3
and CA1) during contextual fear conditioning. When cells encoding the remote memory are

silenced during retrieval, memory impaired Goshen et al. 2011)

Theincongruencyof findings regardingvhetherthe hippocampus remains actively
involved in remote memongd tothe suggestion that the hippocampus may be required for
retrieval of episodic memory regardless of @gadel and Moscovitch 1997)his interpretation
of the findings is redrred to asnultiple trace theoryMTT (or transformation theoryand
suggests thatespite early neocortical engagement, the hippocampus is always required for
retrieval of episodic memory despite afjhis argument ibased on the architecture of the
hippocampus and its importance for spatial navigation making it necessary for representing
spatial contexts that are an inherent requisite of episodic mdgmamng 2002). Damage to the
hippocampus is argued to result in a flat temporal gradient of retrograde amnesia whereby even
remote memory would not be recalled in its entirdigcording to this explanatioeach time a
memoryis retrieved, thénippocampaheocortical trace supporting it is expanded/orupdated
and hence strengthene&tlbsequentlythe neocorteis then able tsupport a decontextualized

version of repeatedly remembered remote memories in the absencéippttaampus.

The mat supported predictiorupforward by MTTis the prediction that extensive
hippocampal damage causes comparable retrograde amnesia for recent and remote episodic.
Other predictions of MTT such as a tempordilflgited amnesia after hippampus damage in
sanantic memory, temporaHimited amnesia for episodic memory after partial hippocampal
damage or the existence of multiple hippocampal traces with repeated activations have yet to

find experimental suppo(Sutherland et al. 20199verall, MTT has had a profound
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contribution to refining what we mean by episodic memory and in developing memory
assesments in humans and animals that better tap into episoalacyni®y emphasizing
spatiotemporal elements of an experience to distinguish it from motiégisemantic memory.
This has been challenging given the frequent overlap between episodic and semantic memory
where episodic memories will gain a semantic conepd with time, anavhere semantic

memory can often have an episodic component.

The debate regarding hippocampal involvement in remote memyey to be resolved
The difficulty in reconciling the evidence and reaching consensus éorpagfrom the lage
variance acrossxperiments. In human studies, damagedend extent vary considerably
across patients and so do the memory assessment$nuagithg studies on normal memory fail
to account fothe possibility that over time, memory representatimay change in a way that
theblood flowsignal is affected without altering the functional role of a particular region
(Andersen et al. 2006More direct pgsiological measurements from the medial temporal lobes
and neocortical areas are therefore needed to inform about if and how these areas are engaged
during memoryA similarly large variancexistsin rodent studiesvith lesion methods and
locations and wil as memory assesmetitat can bdased orspatial navigation, conditioning or

recognition.

Despite thenconclusion regarding which proposed framework more closely describes
how memory represeritans actually change with timéhere is growing conseas thatl)
episodicmemory initially engages the hippocampusich stores an index of neocortical areas
representing the content of memg@2y neocortical memory representations begin at the time of
learningand stabilise with timguided by hippocampahieractiongRestivo et al. 2009;

Kitamura et al. 2017; Xia et al. 2017; Abate et al. 2018; Matos et al. , 201B)hat3)
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neocortical memory representations are stable over Tiheesecond notion comes from

evidence showing that hippocampabuoortical interaction is necessary for the remote memory
dependence on neocortical sites bBadinduring learning. For exampl®&estivo et al. 2009

found that lesioning the hippocampus only in a short window immediately after learning impairs
remote memxy recall and prevents learniagsociated spine growth in the anterior cingulate
cortex. Others have shown that frontal cortex encoding cells active during learning require
hippocampainputto functionally mature with tim@_esburgueres et al. 2011; Bero et al. 2014;
Kitamura et al2017) In the following sections | take a closer look at two neocortical areas

highly implicated inthe support ofemote memory.

Retrosplenial Cortex and Memory

The retrosplenial cortex (RS@)as an important nods# theepisodicmemorynetwork
whoseengagement appears to increase with familiarity andTdwe cortical areas located
behind the splenium of the corpus callosaimd has major connections to the prefrontal and
parahippocampalortices, hippocampal formatidghrough the entorhinal corteand the anterior
and lateral dorsal nuclei of the thalanfdsbayashi and Amaral 2000; Aggleton et al. 20112
humans damage to the RSC causesograde amnesia for episodic memory, and topographic
amnesiathe inability to use known landmart@navigate(Valenstein et al. 1987; Aguirre and
D 6 E sitp ©999; Maguire 2001; Ino et al. 200lRdividualsare typically described as being
able to recognize familiar landmarks and describe specific places in detail but are unable to find
their way using those landmarks as well as unable to learn nes (®laguire 2001)Imaging
studiesof healthy individuals show th#élhe R is actiwe in tasks of spatial navigatidiviaguire

2001; Epstein 2008processing of objects stenegBar and Aminoff 2003; Bar 2004)nd
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landmarkqgAuger and Maguire 2013; Auger et al. 2012; Mullally et al. 2012; Spiers and

Maguire 2006)and recall of episodic memo¢gvoboda et al. 2006; Spreng et al. 20@udies
examining older memories in healthy subjects show that the RSC is particularly engaged during
recall of remote episodic memofgvoboda et al. 2006; Oddo et al. 2010; Benuzzi et al. 2018)
although one study shows greater activation during recall of recent mé@ilirya et al. 2004)

More recent studies show that the@RS particularlyinvolvedduring navigation of familiar
environmentgSulpizio et al. 2013; Sherrill et al. 2013; Shine eRall6; Patai et al. 201and

that activatiorstrengthincreases with learningVolbers and Blichel 2005)

Findings from rodent studiesirror our understanding of the RSC function gleaineoh
humansLesions to thd&RSC impair spatial memory on tasks that require using allocentric spatial
cues to navigate such as terris water mazer the radial arm maz&utherland et all988;
Whishaw et al. 2001; Vann and Aggleton 2004; Vann and Aggleton 2002; Harker and Whishaw
2004; Pothuizen et al. 2008tLaurent et al. 2009ath integration without the use of any
spatial cues in the dark is also impaired byCR&Ssions(Cooper and Mizumori 1999; Cooper et
al. 2001) Additionally, lesiors impair contextual fear conditioninég{eene and Bucci 2008b)
active avoidanc@_ukoyanov and Lukoyanov2006) and objectrecognition(Hindley et al.

2014)

Findings from aimal studiesre also constent with a role fothe R in remote
episodic memoryln macaquesRSC lesions impair remote memory of objectscene memory
(Buckley and Mitchell 2016 Monitoring of RSC activity using IEG fluorescence ldbey
methoddn rodents showthatit is one of thefew neocortical areaactive duringecall ofremote

memory(Bontempi et al. 1999; Maviel et al. 2004; Tayler eR8l13) Some studies have also
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found that lesions to the RSmpair nonspatial remote memory in the form of esieock
associations where cue is auditéfypdd et al. 20169r visual(Jiang et al. 2018)n a mae
causakexamplesplockingof RSC NMDARSs impairs recall of remoteontextual feamemory
(Corcoran et al. 201 1andinhibiting RSCprotein synthsis(Katche, Dorman, Gonzalez, et al.
2013)or c-fosexpressior{(Katche and Medina 201 8jortly after learning imparemote but
not recent recalReattime PCR to quantify IE@xpression shosincreases imrc andc-fosin
the R during fearconditioning suggesting that the RS=ngagement begins during learning

(Robinson et al. 2012)

More recent studies have used theaagmanipulate approach described earlier and
have helped have shed greater light on RSC functiomoBpging the expression of green
fluorescent protein (GFRY the promotor for thdEG c-fos Czajkowskiet al. monitored the
activity of neurons in the RSduring a spatial memory task. They found that learning in the
Morris water mazactivated the same subset of cells aarendays of taining, and when these
cellswere disruptedising CNQX (AMPAR blocker)performance on the tagkas impaired
(Czajkowski et al. 2014)n another studyCowansage et alagged active RScells during
contextual fear conditioning with channelrhodaopand found that artificial stimulation of those
cells on a later probe was sufficient teimetate the conditioned response of freezing suggesting
that these RS cells are part of the memotgace(Cowansage et al. 201Nlore recently,
Milczarek et alusedin vivo 2-photon imaging to monitor the activity offosexpressing
neurons in the RSduring a spatial memory tagklilczarek et al. 2018)Over the course @&
threeweeklearning periogdthere was gradual emergence of contsgtecific neural activity
whose stability correlated with memory retentidhese studies demonstratbdttRSC neurons

form representations during episodic learning that support recall several days and weeks later.
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This suppat for remotely learned events seems to depend on plasticity mechanisms. This was
demonstrated recently lge Sousa et alvho selectvely tagged RS neurons active during
contextual fear conditioning witthannelrhodopsirDuringthe subsequent regieriad, they

applied highfrequency stimulation to the tagged cells to mimic the kind of stimulation that
induces LTP. One day later, wheaural activity in the hippocampus was blocketh a

mixture of TTX (Na channel blocker) and CNQp¢etrieval of fear menrg was successful only

in mice that received stimulation to tagged RSc ¢dksSoua et al. 2019)This suggested that

the highfrequency stimulation speeded the process by which the memory bec&ne RS

dependent and hippocampinsiependent.

What do RE& neurons code for®/hile the answer to this question is still the subject of
ongoingresearch, it appears that RSC neuiioatleast in part code for spatial trajectories
associated with rewardBledrophysiological recordings from the RSc in rodents reveal that the
RSC has place cells similar to the hippocampticeptthese place fids are almost three times
larger than those in the hippocamgGfio and Sharp 2001; Smith et al. 2012; Mao et al. 2017)
About 10% of RSC neurons aralsohead direction cell@Chen et al. 1994Recordings in the
RSC during the acquisition phase of rewasdated memory tasks show that®®&eurons
preferentially encode contexts associated wathards and cues to reward locati¢8mith et al.
2012; Vedder et al. 201.7n a follow up study by the same groURSC neurms that encoded
reward locations were found to fire as the rats approached the choice point suggestirg the RS
may be engaged in memegyided behavioufMiller et al. 2019) Thesefindings have
motivated the hypothesis thiie RS maybe asite fortheintegration of contextual information
with reinforcing outcomesespecially at remote timepoir(fodd et al. 2019)n a more

comprehensive studyy of RSC cell codingduring maze runninAlexander and Nitz 2015)
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RSC cellswere found to map ition in internal and external frames of refereriRa&te coding
was found in a subset of cells associated with heading direction (left versus riglm amns
egocentric framef referencg while other cells were turimsensitive ad instead showed fing
rate related to specific routes in the maze (allocergferencg This coding versatility suggests
that the RSC may exercise a broad role in supportingtienmg memory for rewardssociated
spatial navigation which would explaseveral of the damagelated impairments observed in

humans. Currently, electrophysiological evidence of RSC function is lacking in primates.

Anterior Cingulate Cortex and Memory

The anterior cingulate cortex (ACC) is perhaps the neocortical area most implicated in
remote pisodic memoryThis largecorticalareais further subdividednto regions based on
their location with respect to the genu of the corpus callosumnmiitoinguate pregenual and
subgenual regiongStevens et al. 2011In this dissertation, | will refer to the ACC as the region
encompassing midcingulate and4genual regions (Broadmann ar@dsand 32which
correspond t o andhpaet ofthe ptetimbic dost€kalkach et al. 2018Themain
role of theACC is thought to be reinforcemegtiided @cision making or actieoutcome
learning(Camille et al. 2011; Rudebeck ¢t 2008) It is thought to receive input about actions
from the posterior cingulate cortex with which the ACC has strong bilatemakections and
receive input about the outcome of actions (whether reward or punishment) from the
orbitofrontal cortexThe ACC then serves as an integration site for actions and outcomes and
remembers actions to perform to obtain reward or avoid punigh{Relts 20L9; Rolls and

Wirth 2018)
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The ACC hadeen shown to ban important node in the remote memory network.
Animal studies have shown that as time passes, the role of the ACC in retrieving contextual
based memory increas@ankland et al. 200&eixeira et al. 2006; TakehaNishiuchi and
McNaughton 208). Successful retrieval of remote memory is dependent on an intact ACC and
is associated with increased actiiBontempi et al. 1999; Maviel et al. 280Takehara
Nishiuchi and McNaughton 2008; Ding et al. 2008; Restivo et al. 2009; Vetere et al. 2011;
Zhang et al. 2011; Weible et al. 2012; Einarsson and Nader 2012; Kitamura et al SOild)
to the RSC, thelectrophysiology behind the ACC suppof remote memory in primates

remains unexplored.

Current Dissertation

In the preceding sectiongbriefly) reviewed the literaturenthe role of the hippocampal
formation inepisodic memoryassociated neural memisms and current models abathiat
happens to memory with age and the areas outside the medial temporal lobes that are thought to
be involved during recall of remote memory. In this dissertation | focus the spotlight on two
separate areas; 1) neuronaahanisms underlying waking andigscence ripples, and 2)

neocortical physiological contributions towards recall of remote episodic memory.

Increasingevidence continuet® link hippocampal ripples with memory consolidation
and retrievalEvidence reviewa earlier shows that ripples ocawbustly during offline states
where their associated replay of spiking sequences serves to facilitate memory consolidation.
Also reviewed waswdence that ripples occur during online statetbeitwith a lower

inciderce ratel wherethey serve to reeve relevant memorp guide ongoing behaviour
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Despite a broader understanding of the function that ripples play, it ieomaiearwhether
guiescenandwakingripples are physiologically distinct. In Chapter 2 of #issertation, |

compare ripples that occurred during inactigeiescenperiods withthose that occuedwhen
northuman primates complet@a memorybasedvisual searcliask.This chapter was motivated

by the increasingly evidefiinctionaldistinction béween quiescence and waginpples.To

date studies have focused dppleincidencerateand the representational contehspiking
sequences. Yet, whether ripples in different states have unique characteristics in terms of
amplitude, duration or posipple wave remained unae Additionally, it remairs unknownhow
different hippocampal neurons contribute to these spatiotemporal fe#tnosgdedge about
differences in features and underlying neuronal contributions is important for understanding the

underlying computations irolved and for development of rei@ine detection strategies.

In Chapter 3, | conducted an experimentamparethe neural activity of the
hippocampus, RSand ACC during recall of remote and recepisodiclike memory. Earliern
this chapter, feviewed evidence linking the RSand ACCto remote memory representations.
The evidence in primate to date has mostly relied on imaging and lesion approaches while
physiological reports of neural activity have been lacking. To our kriy&lethis experinTé is
the first to simultaneously recotle physiological activityof the primatehippocampus, RSC
and ACC during recall adtimuli learned over one year earligfe chronically implanted
multichannel electrode arrays targeting the hggpopus, RSc and AT of the left hemisphere of
two female macaques. Both monkeys completed a megudgd visual search task with
stimuli they learned 128 months prior (comprisinggmotememory) and novel stimuli
(comprisingrecentmemory).Initially, we planned to studhippocampaheocortical synchrony

during ripples and observe how this synchrony varies between recent and remote-gkésodic
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memory.Giventhatripples mediate consolidation and retrieval, we hypothesized that synchrony
during ripples wuld informusonthe contributios of the hippocampydRSC and ACCduring
retrieval of remote memoryror example, if remote memory was more dependent on neocortical
areaghan the hippocampus the standard systems consolidation model predietsould
predictgreatersynchrony during ripples when remote memory was successfully recalled
compared to recent memotfrecall of episodidike memorywasdependent on the

hippocampus despite memory age, we would see no difference in synddowerer, whilewe
successfullyargeedthe desired areasve failed to observe ripples in both animeder surgery

We hence modified the original plan of examining synchrony during ripples to irtsieguhre

the spectral responses of the different areas argyttdaronybetween the across several
frequency bandduring recall of remote and recanemory We looked at how the different

areas respond to the presentation of recent versus remote scenes in tenges in

oscillation frequency or power at differdnéquenciesWe examined locking of oscillation

phase with the onset of visual fixaticlesdeterminanfluences of areas on guiding gaze across a
scene while searching for targets. And lastly, we exanphedephase synchrony during
successful recall ithe different area® determinghe degree of interegional communication

during remote mmory recall.
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Chapter 2: Sharp-wave ripples vary with state and memory

Recognizing that ripples occur in different states (quiescence/sleep and waking) and that
they can mediate either consolidation or retrieval, we asked whether ripples differ by state i
their electrophysiological signature. this chapter, using theacaque rippleataset acquired by
Leonard et |- which recorded hippocampal LFP and singld antivity during periods of
guiescence and as macaques perfornmadraoryguided visual search task examined
differences in mesoscopic ripple featureiration and amplitudesf the ripple as it appears in
the LFP- across quiescence and visual exation.Additionally, | examinedhe spiking
contribution of diffeent hippocampal cell types to thpple amplitudeand the amplitude of the
postripple wavel a large positive deflection occurring immediately after the high frequency
ripple oscillation We observed that 1) quiescence ripples have greater amplitugestnigple
waves compared to visual exploration ripples, 2) ripples that oca@noemberedrials have
larger amplitude compared to ripple famgottentrials, with no change in duraticor postripple
wave. Our examination of underlying spiking acinacross all ripplesevealed thaB) ripple
amplitude is associated wiflutative pyramidal and basket interneu¢b¥) spiking, even when
the spikes occur outside the hiffequency ripfe oscillation.4) Spiking activity by low firing
rate neurons was associated with an attenuation of theipplst wave, while spiking by high
firing rate neurons was associated vathenhanceant On examining spiking differences
across search and gseence ripples, we fourfdwer spikes from regular spiking (ndwirsting
low firing) pyramidal neurons during search which was associated with greateippdest

waves.The selective changesitipple features as a function wfaking state, memory, spilgn
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time and cell typsuggest that this mesoscopic field eveant offer additional information on

the underlying network computations thanidencerates alone.
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Introduction

Thesharpwave ripple(SWR is a spontaneous, synchronized neural populatientev
that occurs in the hippocampus and is associated with widespread activation of the neocortex
(Chrobak and Buzséaki 1994; Siapas and Wilson 1998; Sirota €048, Battaglia et al. 2004;
Isomura et al. 2006; Mdlle et al. 2006; Logothetis et al. 2(Ripples occur most frequently
during noRREM sleep, where they are important for memmgsolidation(Girardeau et al.
2009; EgeStengel and Wilson 2010; Nokia et al. 2QX?)d less frequently during waking,
where they appear to be important for merdoaged decisiecmaking(Jadhav et al. 2012;
Leonard and Hoffman 2017; Wu et al. 2048)leaning progresse¢Papale et al2016). During
ripples, firing sequences observed during earlier waking periods are replayed among local
populations within the hippocamp(idadasdy et al. 1999; Lee and Wilson 2002; Foster and
Wilson 2006; Csicsvari et al. 2007; Diba and Buzséki 2007; Ji and Wilson, 20@7at distant
neocatical (Qin et al. 1997; Ji and Wilson 2007; Peyrache et al. 2808)subcorticalPennartz
et al. 2004; Gompertsetal. 205) t es. Thi s Arepl ayo phenomenon
synaptic modifications of relevant neural ensembles, supporting thednas the role of ripples
in memory consolidatiofCarr et al. P11;Girardeau and Zugaro 2011; Sadowski et al. 2011;
Roumis and Frank 2015; Buzsaki 200\8hen ripples are disrupted, memory is impaired,
suggesting a causal role for the neural activity occurring during ripples in memory formation

(Girardeau et al. 2009; E¢stengel and \lson 2010; Nokia et al. 2012)

Because the ripple mean field potential (or ripipkd®) arises from the synchronous
activity of neuronal ensembles thought to be critical for memory formation, it is important to
understand how the activity of local cpbbpuldions shapes the ripple=P. Following a ripple, a

brief period of hyperpolarization ensues where spikes are supp(Esggidh et al. 2014; Hulse

34



et al. 2016)This period, which is observed in the ripjhlEP as a positive polarity deflection (or
postripple wave, PRW), may be additionally valuable in decoding local circuittgcti
immediately prior to and during the ripple. In general, neuronal firing rate and/orlpbked
firing are associated with high frequency (>50 Hz) I(RRastassiou et al. 2015; Belluscio et al.
2012; Montefusceésiegmund et al. 2017; Ray et al. 2008; Schefikeira et al. 2013More
gpecifically, the spati@mporal features of the rippld=P can vary according to the specific
neural ensembles active during the ripple. This relationship has been used to decode replay

spiking content based on the similarity of ripple features afdaeidis et al. 2015)

The relationship between spiking activity and ripple features becomes more complicated
when considering different vigilance states andesponding changes in neuromodulatory tone
(Atherton et al. 2015Despite numerous reports measuring ripple occurrence, few studies have
investigated how rippleFP features vary with learning. In one studgple amplitudewas
observedo be greater during sleep when followed by leariiiEgchenko et al. 2008%harp-
wave amplitude during sleep has also been shown to be greater than in(vaxihndN ed. | | e
2006; Buzsaki 20150ther investigations into the variance in ripple amplitude found a positive
correlation with spiking activity of a cell class in the cingulate cortex, suggesting thatlckiple
features can be used to predict spiking actindyonly locally in the hippocampus but even in

distal neocortical areg8vVang and lkemot@016).

Characterization of cetlype specific firing during ripples and their relation to SWR
features is especially lacking in behaving primates where ripple physiology seems to be
generally complementary to that observed in rats and ({Bregin et al. 1999; Skaggs et al.
2007; Le Van Quyen et al. 2008; Logothetis et al. 2012; Leonard and Hoffman R@spite

the many similarities, a key difference is that ripples occur not only during awake immobility in
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primates but also during activesualexploration(Leonard et al. 2015; Leonard and Hoffman
2017. To date, the only feature measured during exploratory SWRs were their rate of occurrence

and peak frequency, which did not differ by state.

In this study, we examined how three rippleP features vary across waking states and
as a function of leamng, in addition to their modulation by spiking activity (singleit activity,
SUA). We found that ripple and pespple wave amplitude in macaques are greater during
guiescence than waking, and that on remembered trials in a-sesar@h memory taskpple
amplitude is increased, with no change to duration orqgosie waves. We also describe the
SWR modulation by cell types, classified by burstiness and firing rate, and found tHairigw
rate cells (putative principal cells) are associated &iithaced ripple amplitude and attenuated
postripple amplitude, whereas highing bursting and notbursting cell types (putative basket

interneurons) are associated with enhanced ripple andippkt wave amplitudes.

36



Materials and Methods

Subjects and eperimental design

Two adult female macaques (Macaca mulatta, named LU and LE) completed a visual
targetdetection task that requires hippocampal function in prin{&eau et al. 2011Huring
daily recording sessions (this dataset was used in Leonard et al 2015; Leonard and Hoffman,
2017). The flicker changdetection task (previously described in Leonard et al., 2015, Leonard
and Hoffman, 2017) muired the anirals to find and select a target object from-tengets in
unique visual scenes for fluid reward (Figure 1A). Selection of a ag@gee target object was
accomplished by holding gaze in theThetargeg et
object was defined as a changing item in a natscahe image, where the original and changed
images were presented in alternation, each lasting 500 ms, with a bristcgeen (50 ms)
shown between image presentations. Displayed this weggtoen of thechanging part of the
scene requires effortful search in humans and macaques (Chau et al., 2011) -#Nalinter
interval (ITI) of 220 s followed each trial. The daily sessions began and ended with a period of
at least 10 min when no stimsglwas presentedithin the darkened booth and animals were
allowed to sleep or sit quietly (quiescent period). Eye movements were recorded using video
based eye tracking (iViewX Hspeed Primate remote infrared eye tracker). All experimental
protocols wereonducted wittapproval from the local ethics and animal care authorities

(Animal Care Committee, Canadian Council on Animal Care).
Electrophysiological recordings
Both animals were chronically implanted with independently moveable

platinum/tungsten multbre tetrodes96 um outer diameter; Thomas Recordings) lowered into
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the anteriohippocampal CA3/DG regiorrresponding to the rodent ventral hippocampus.
Animal LE had a Qetrode bundle centered at AP +11 mm verifiedjoogtiant with MRI. For

this sudy we analyzedctivity from the 4/9 tetrodes placed to optimize ripple and unit

responses; these tetrodes were separated by <600 um in the bundle. Animal LU had 8 tetrodes
divided into two bundles: one at AP +11 mm and the other at AP +8 mm verifiedogith
operativeCT coregistration to MRI. Based on ripple and unit activity we analyzed 3 tetrodes
from each bundle, with separation <500 um in the bundles). Local field potentials (LFPs) were
digitally sampled at 32 kHz using a Digital Lynx acquisitigetem (Neuralyr) and filtered

between 0.5 Hz and 2 kHz. Singleit activity was sampled at 32 kHz and filtered between 600

Hz and 6 kHz, recording the waveform for 1 ms around a threshold triggered spike events. Single
units were isolated using MClustdzl on waveshae principle components, energy and
peak/valley across channels. Only wistllated cells were included, based on <1% interspike
intervals (I1SIs) within 2 ms and cressrrelograms between bursting cell pairs that had to be

free of burstlatency peaks (asgmetric, <10 ms peak that could indicate the erroneous splitting

of one CS unit into two; Harris et al., 2000). Units were classified as putative principal units (PR)
if they had a burst firing modelSlasdiundexé de pea
Hz overall firing rate. Units were classified as putative interneurons (IN) if they had no burst
firing mode (>10ms ISI) and a firing rate >1Hz. The remaining two possible categories were the
burst firing mode with >1 Hz firing rate (BF, and nonbutdiring mode, with <1 Hz spiking

rate (NBLF). Waveshape parameters such as spike width andrpegh asymmetry can vary as

a function of recording location relative to the cell body and not only by cel(lHgeze et al.

2000) therefore these waveshape measures were not used for cell type classification in this study

(Fig 8).
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SWR detection and feature estimation

SWR events were detected using tatrode charel with the most visibly apparent ripple
activity. The LFP signal was bandpass filtered (260 Hz), transformed into-gcores, rectified
and then lowpass filtered-40 Hz). Ripple events were defined as threshold crossings 3 SDs
above thenean, with a nmimum duration of 50 ms beginning and ending at 1 SD. This time
period also defined the ripple duration. SWR amplitude was defined as the maximum peak of the
ripple envelope (&core). The amplitude of the pagiple wave (PRW) was definex$ the
maximumpeak (zscore) of a narrower lowpass filter$1Hz, Figure 1B). SWR amplitude,
duration and PRW amplitude values were then normalized per tetrode for each animal to account
for any acrosgetrode differences in overall SWR magnitude. THea&ures of th SWR (ripple
duration, amplitude and PRW amplitude) were then compared across different states and task

epochgqsee supplementary Fig 1. for distributions of features).

SWR features across behavioral epochs

SWRs were clustered depending on time of oernwe into three behavioural epochs;
guiescence (10 min datbooth time period at the beginning and end of every session, gSWR),
ITI (2-22 s interval between scene preseniti ons representing quiet wal
iISWR) and exploratory search (durg fiacti veo visual search, eSWR
ripples that occurred while the monkey fixatedséfeen, and during search trials where the
monkey spent >40% ofi&l time fixating oftscreen. Task SWRs were further clustered by
stimulus repetitionnto novel (scene repetition number = 0) and repeated trials (scene repetition
number >0), and repeated trial ripples were further clustered into ripples occurringtdaling

were the target was successfully found (HIT), and when target was not (MISS).
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Statistical analysis

Ripple features across waking state and task epochs were compared using the Wilcoxon
Ranksum test and the Kolmogoré&mirnov (K-S) test. For the sgle-unit and rippleLFP
waveform analysis, a KruskaVallis test was conducted withBonferroni correction for

multiple-comparisons.
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Results

Based on SWR clustering described above, we detected 2526 gSWRs (LU = 1866, LE =
660), 536 iISWRs (LU = 340, LE 196) and, 664 eSWRs (LU = 462, LE = 202) from a total of
77 recording sessions (LU45, LE = 32). Based on unit clustering described earlier, we
recorded from a total of 509 units; 242 PR (LU =88, LE = 154), 133 NBLF (LU = 39, LE = 94),

48 BHF (LU = O,LE = 48) and 86 IN (LU =45, LE = 41) units.

SWR features across states

We first exanined SWR duration, amplitude and PRW amplitude across the different
states (QSWR, iISWR and eSWR; Figure 2). SWR duration was not different across states (rank
sum p > (B; Figure 2A), whereas ripple amplitude was greater during gSWRs compared to
eSWRs (rak sumz =2.48, p=1.31 xQ) K-S d =8.0 x 1€, p = 8.4 x 1B, Figure 2B), and
PRW amplitude was greater in gSWRs compared to iSWRs (rank sum: z = 2.79, p 4830 x
,K-Sd=7.0x 1@, p = 2.3 x 1) and eSWRs (rargum: z = 3.33, p = 8.63¥04, K-S d =

9.1 x 102, p = 2.0 x 168, Figure 2C).

SWR features during recognition memory task

Previously, we found that ripples occur more frequentlycoskr to a visual target with
learning (Leonard and Hoffman, 2017). We therefore asked whbpés that occur on
repeated trials are different in duration or amplitude. Firstexamined whether features vary
by scene repetition by splitting ripplego novel (repetitions = 0) and repeated (repetitions > 0),
but found no differences in rippleiscation, amplitude or PRW amplitude between novel and
repeated trials (rank sum p > 0.05). Next, we split repeated trials into trials where the target was

sucessfully found (indicating memory for the target location), and not found (indicating
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forgetting) Ripple duration (Figure 3A) and PRW amplitude (Figure 3C) were not different
between remembered and forgotten trials (rank sum p > 0.5). During rememiadsed tr 112)
ripple amplitude was larger than forgotten trials (n = 220) (rank sum z = 2513, 5x 102, K-

S testd = 0.16, p = 3.6 x ) Figure 3B). Because we had observed a greater ripple amplitude
during quiescence compared to search, we casdp@pple amplitude on remembered trials and

guiescence but found no difference (rank sum: 59,(b = 0.55, KSd = 8.5 x 1, p = 0.41).

SUA analysis

Next, we examined local cetlype specific firing underlying ripples. Spikes occurring in
a 400 ms tne window centered around the peak of the ripple envelope were clustered based on
spiketiming rdative to the ripple event. Spikes were clustered into:R®pple, if they occurred
before the ripple, Ripple; if they occurred during the ripple or-Rgsple; if they occurred after
the ripple (during the postpple wave). For each functionahit type, the average rippleFP
waveform was calculated based on the window of sgike occurrenceand aligned to ripple
peak (Figure 4). Also calculated for eactitus the average ripple waveform where no spikes
were observed (Null), and below each wavefptot is the normalized spike count distribution

for each unit class in the ripple window clustered by spikéng (preripple, ripple and post
ripple).
SUA dfects on ripple trough

We observed different effects on the magnitude of the ripple trougimédefs nearest
trough to ripple peak) based on sptiae occurrencdor PR (Figure 4A, H(3) = 78.65, p = 5.99

x 10-17), NBLF (Figure 4B, H(3) = 141.10, p = 2.2 x-30), IN (Figure4D, H(3) = 360.89, p =

6.53 x 1078), but not BHF cells (Figure 4C, H(®)5.19, p = 0.16). In PR cells, spiking in any
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of the time windows (preipple, ripple or postipple) was associated with a larger trough
compared to no spikes (p<0.05, Bonferroosghoc test; mean LIPR-ripple =-1.79z, LEPR-

null =-1.59, LUPRripple =-2.74z, LUPR-null =-1.58z). In NBLF cells, spiking in the ripple
window was associated with a greater trough compared to spiking ianat@ostipple

windows, as well as ngiing (p<0.05, Bonferroni pogtoc; mean LENBLF-ripple =-1.92z,
LE-NBLF-null =-1.61; LU-NBLF-ripple =-2.75z, LUNBLF-null =-1.54z). In IN cells, a

similar pattern followed whereby ripple spikes were associated with a larger trough compared to
preripple and no spikes (p<0.05, Bonferroni phet; LEINT-ripple =-1.73z, LE-INT-null = -

1.59z; LUINT-ripple =-2.3z, LUINT-null =-1.04z). Interestingly, for nehursting low firing

rate cells that fired during the ripple, the LFP showed slow negatilectiefis in the ~200ms

leading up to the ripple event.

SUA effects on thepostripple wave

The peak magnitude of the pagiple wave (PRW) in the broadband signal varied
according to spikéime occurrence and as a function of cell type, among PR (H(8386B5, p =
4.94 x 10150), NBLF (H(3) = 150.59, p = 1.96 x-B2), IN (H(3) = 25.10, p = 1.47 x 18),
and BHF cells (H(3) =11.90, p = 7.7 x-BD. The spiking of low firingrate cells (PR and NBLF
cells, Figure 4A and 4B) during the ripple window wasoagated with smaller peaks compared
to null spiking (p<0.05, Bonferromosthoc), whereas the opposite effect was seen with high
firing-rate cells (BHF and IN cells, Figure 4C and 4D) where spiking was associated with a
larger PRW (p<0.05, Bonferroni pelsoc). For low firingrate cells (Figure 4A and 4B), spiking
during thepostripple window resulted in the smallest peak (p<0.05, Bonferronitpmst For
high firing-rate cells (Figure 4C and 4D), spiking during the ripple was associated with the

larges peaks (p<0.05, Bonferroni peisbc). The heightened modulation for bpeaks and
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troughs found for the IN group suggests a stronger overall ripple amplitude, measured explicitly

below.

SUA effects on the amplitude of the ripple envelope

In the earlieanalysis of SWR feature changes with behavioral state, the ripple ataplitu
envelope was greater during quiescence than search (Figure 2B), and larger during remembered
compared to forgotten trials (Figure 3B). We therefore sought to examine how spiking in
different time windows (preipple, ripple and postipple) by differentcells types affects ripple
amplitude (Figure 5). We found that spiking by PR (H(3) = 934.73, p = 2.6202)0) NBLF
(H(3) =659.32, p = 1.39 x 1042), and IN cells (H(3) = 613.2fh = 1.38 x 10132) during any
period in the 400 ms ripple window wasasiated with an increase in ripple amplitude (Figure
5A, 5B and 5D), whereas spikes from BHF cells had no effect on amplitude (Figure 5C, H(3) =
9.83, p = 0.20; LEBBHF-ripple = 0.35z LE-BHF-null = 0.35z, LU had no BHF cells). The
contribution of PR and BILF spiking to ripple amplitude based on sptkaing followed a
similar trend where spiking during the ripple window yielded a larger ripple amplitude compared
to the postipple window and null spiking (Figure 5A & 5B, p<0.05, Bonferroni pbet; LE
PR-ripple = 0.38z, LEPR-null = 0.25z; LUPR-ripple = 0.41z, LUPR-null = 0.25z; LENBLF-
ripple = 0.37z, LENBLF-null = 0.33). With NBLF cells there was also a difference in ripple
window amplitude compared to preople spikes (p<0.05, Bonferroni pasoc). Ripple-aligned
spikes from NBLF cells resulted in the largest ripple amplitude across all cell classes and spike
times (p<0.05, Bonferroni pesioc). With IN cells, spikes during thleree timewindows
yielded a larger amplitude compared to that seen withd spiking (Figure 5D, p>0.05,

Bonferroni posthoc).
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SUA effects on the amplitude of the postipple wave (PRW) envelope

All four cell classes showed differences in PRW ampétbdsed on spikeming; PR
(H(3) = 600.57, p =7.59x1030) , NBLF (H(3)= 111.86, p = 4.37 x 124), BHF (H(3) = 13.20,
p =4.20 x 163) and IN cells (H(3) = 17.98, p = 4.0 x-24). Not surprisingly, the effects on
PRW amplitude were similar to those reged earlier on the broadband signal. Spiking by-low
spiking cells (PR ahNBLF cells) was associated with smaller PRW amplitudes compared to no
spikes (mean LEPR-ripple = 0.96z, LEPR-null = 1.39z, LUPR-ripple = 0.77z, LUPR-null =
1.21z, LENBLF-ripple=1.11z, LENBLF-null = 1.37z, LUNBLF-ripple = 0.94z, LUNBLF-
null = 117z), whereas spiking by high firimgte cells (BHF and IN cells) was associated with
larger PRW amplitudes (mean tHHF-ripple = 1.12z, LEBHF-null = 0.47z; LU had no BHF
units; LEIN-ripple = 1.51z, LEIN-null = 0.92z, LUIN-ripple = 1.46z, LUIN-null =1.122). In
PR cells, null spiking was associated with the largest PRW amplitdneeas spiking during
the ripple resulted in a larger amplitude compared togré postipple spkes (Figure 5A,
p<0.05, Bonferroni pogtoc). For NBLF cells, althoughéhpattern was similar to PR cells, the
decrease in amplitude due to spiking in the window was not as profound (Figure 5B). Null
spiking was associated with a larger PRW amplitude emetpto spikes during the ripple, pre
ripple and postipple, and ripplespikes yielded a larger amplitude than pagple spikes
(p<0.05, Bonferroni podtoc). High firing rate cells had a similar trend to PRW amplitude by
spiketime but with different gtection of magnitude. Spikes during the ripple by BHF cells
resulted inarger PRW amplitude compared to no spikes (Figure 5C, p<0.05, Bonferroni post
hoc). But of all cell types, the IN group showed the most striking effects, with spiking during the

ripple producing a larger PRW amplitude compared terip@e and no spike@-igure 5D,
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p<0.05, Bonferroni pogtoc), as well the largest PRW amplitude compared to all other cell

classes and spike times (p<0.05, Bonferroni-pos.

SUA underlying quiescence and waking ripples

We found that activity of regular spiking putativgrgmidal neurons was associated with
greater PRW during search (supplementald)gcompared to quiescence ripples (supplemental
fig. 3). Spiking activity of the three othelasses of neurons was similar across quiescence and

search ripples.

Dependencyof spiking across ripple time windows

The apparent relationship between spiking in one epoch and LFP/ripple feature in another
epoch could in principle be due to joint spigiacross epochs, and not to a true tiagged
modulation. For each unit of eacélidype, we calculated the conditional probability of spiking
in one time window given a spike from that cell during another window of a ripple event (pre,
during, post). &ross units from all cell types across all pairs of epochs, a spike in one window
typically predicted the absence of spikes in the other ripple window. Median probabilities per
cell type and window pair ranged from 0 to 0.33. Thus, LFP fluctuationsdbat with a lag

from the time of spikes do not appear to be an artifact of laterucrent spiking.
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Discussion

In this study, we showed for the first time in primates that ripple features vary with
waking state and memory. By comparing ripple events during quiescent and active periods, we
observed that; 1) quiescent ripples havgdaamplitudes and larger pagpple waves. Further
examination of awake ripples during the memory task revealed that 2) ripples during
remembered trials have greater amplitudes compared to forgotten trials. By analyzing ripple
associated singlenit actvity, we found that 3) ripple anfifude is associated with the activity of
low-firing cells and putative INs, whereas the peak and elaboration of thapgustwave is

enhanced by evarparsely timedctivity from putative INs.

Ripple amplitude is a meae of the magnitude of the higlequency ripple oscillation
that is thought to reflect both pesgnaptic currents and spiking activity by cells within a radius
of ~103200um around a recording electrq@&homburg et al. 2012)he amplitude is dictated
by the size and number of active neuronal ensembles that are made up of principal cells and
interneurongCsicsvari et al. 2000and can be used to predict if similar ensembles are active

across rippleg¢Taxidis et al. 2015)

We classified cells physiologally into four types using burst firing mode and firing rate,
although additional functional cell type divisions are possible. All four cell types showed
positive modulation of firing rate during ripples, yet only theatstiof low-firing cells and the
non-busting highkfiring cells was associated with increasing ripple amplitude.-fioag cells
were associated with a decrease in PRW amplitude whereafrhigtcells showed the
opposite effect. Critically, we found thgpiking effects on ripple and=®V amplitude were
strongest when spikes occurred within the ripple window, yet effects were also observable when

spiking occurred within the prand postripple periods. This suggests that the effects of spiking
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on the riple-LFP can be extended in timmnsistent with previous reports showing similar
delayed spike_FP relationshipgEsghaei eal. 2017) This timeoffset cannot be explained by

an increase in the conditional probability of spikes in the @reost window and spiking

within the ripple as we observe that the probability stays the sameovitieihg cells are likely
pyramdal cells, which in the rodent hippocampus are known to display bursting iitetasnd

et al. 2008)with a variable composition across and within subfi¢&tshwartkroin 1975;

Masukawa et al. 1982)Vhereas bursting pyramidal cells have been singled out as necessary for
the fast oscillation of ripplezhala and Staley 2004hd for affecting LFP amplitude
(Constantinou et al. 2016)ur results suggest that nbarsting principal cells are also strongly
associated with the amplitude of the fast ripple oscillation. This positive 1@ggleciated

modulation & principal cell activity is constent with previous findingéPennartz et al. 2004;
Csicsvari et al. 1999; Csicsvari et al. 2000; Klausberger et al. 2003; Klausberger et al. 2004; Le
Van Quyen et al. 2008; H4jos et al. 2Q18pst of ourspikes and ripples (~92%) were detected

on the same electrodes and so we were unable to systematically examine the dependence of the
relationship spikes have on the ripple field potential as function of distance. Although the
bundled tetrodereays usedr this study are not ideal for spatial sampling along the
septotemporal and transverse hippocampal axes, this is an interesting area for future
investigation given the spatiotemporal spread of ripples along the septotempofBbteli®t al.

2013)

Thenonbursting highkfiring cell type in our study is likely to contain parvalbumin
positive intereurons. Parvalbumipositive (PV+) and bistratified cells show the greatest ripple
associated increase in spiking réféausberger et aP003; Klausberger and Somogyi 2008)

with PV+ cells having the greatest excitatory conduataafter the ripple pedaldajos et al.
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2013) Axo-axonic and GLM cells typically display negative modulation where they cease to
spike during ripples, whereas CCK+ interneurapgear to be unmodulated by ripples
(Klausberger et al. 2003; Klausbergerd Somogyi 20080f the highfiring cells in our data,

we only observed a ripplassociated positive modulation in spiking (likely due to limited
sampling) Perisomatigargeting PV+ interneurons have been shown to be critical for the
initiation of the ripple fastoscillation through their recurrent connectivity leading to highly
organized inhibition which creates opportunity for synchronous pyramidalnsgirele activity

in CA1/CA3 (Ellender et al. 2010; Schlingloff et al. 2014; Stark et al. 2014; Valero et al..2015)
Pharmacologically blocking perisomatic ibliion on pyramidal cells impairs spontaneous ripple
activity and decreases shasve ripple amlitude (Stark et al. 2014; Sdhigloff et al. 2014;

Gan et al. 2017)moreover, inhibitory conductance in pyramidal neurormnduipples is more
dominant than excitatory conductance, correlates with ripple amplitude, and depends on PV+
interneurongGan et al. 2017)The effects of inhibitory neurons also trails the SWR event,

where inhibitory syndjc input leads to the collective afterhyperpolarization of local principal
cells following rippes, visible as a posipple deflection in the LFPENglish et al. 2014; Hulse

et d. 2016) These results are consistent with our finding that spiking of putative PV
interneuronss associated with both larger amplitude ripples andteerpo ppl e &éi nhi bi t ¢
wave. The observed increase in ripple amplitude and PRW amplitude duirasgence could
therefore be a result of greater PV interneuronal activation in that state compared to during the
task. The increased pyramietall synchronyand larger ensemble activity associated with PV IN
ripple activity coldrdsti®rtmo ab etptadr ogreanpag atl e ¢

sleep, consistent with BOLD responses seen in macaques under anéistiyesfeetis et al.
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2012) Other mechanisms are likely to underlie the differences we observed in waking,

during memoryguided search.

Waking ripples are increasingly implicated in memguyded decisiommaking(Jadhav
et al. 2012; Papale et al. 2016; Wu et al. 20h/7jodents, waking ripples contain a higher
proportion of ceactivated cell pairs during correct memory recall in a spatial alternatian task
suggesting a higher level of aonated neural activity on remembered tri@sger et al. 2013)
In primates, waking ripples in a visusgarch taskccur more frequently and closerthe target
during remembered trials suggesting a possible role in memory reftieeomlard and Hoffman
2017) Since the amplitude indexes theesof rippleassociated ensembl@ssicsvari et al. 2000;
Taxidis et al 2015) it is possible that on average, larger and/or more synchronized dasemb
are activated during ripples on remembered trials, though we note that the magnitude of the
effects in this studwasmo d e s t . |l t6s possi bl elorpradactiondf ami | i ar
reward support stronger, more coherent excitatory drive teadetielevant ensembles during the
SWR, though determining how such drive modifies ripple magnitude and not other features

warrants further study.
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Ripple Envelope (1-40 Hz)
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K
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Visual Search (eSWRs) ITI (iISWRs)

Figure 1. Experimental design of memoryguided visual search task and signal processing.

(A) An original and modified scene are presented in alternation, interleaved with a brief grey mask,
requiring effortful search to detect the changing target. A trial ends with a Ca8erion the
target for which a f | uirdherneawrmumdrialitime iddreacheds e r e d
(6MI SSO6) . A figiveawayo then follows in which
revealing the target location. A trial ends with a blackestiatertrial-interval (ITI) of 4s before

the next trial is preseadl. During daily recording sessions scenes are presented in blocks of 30 and
the task is bookended with two rest periods
presented and aninsagleep. See Materials and Methods for more details. (B) The brabdbg

signal is band pass filtered in the ripple band {280 Hz), transformed into-gcores, rectified

and then low pass filtered-@0 Hz) to create the ripple envelope whose maximalmesrepresents

the ripple amplitude. The PRW envelope is a low fiéiss (1-5 Hz) of the broadband signal and

its peak represents the PRW amplitude.
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Figure 2. Ripple and PRW amplitudes are greater during gSWRs than iSWRs and eSWRs.
Top; cumulatie probability distribution. Black line connecting dots in the tdpihset of top
panels indicates p<0.05 between groups, as represented by dot color. Bottom; boxplots of
corresponding distributions above with median values for each animal plottedgre ¢far LU)
and purple (for LE) crosses, for SWR duration (A), atage (B) and PRW amplitude (C)

across gSWRs (n=2526), iISWRs (n=536) and eSWRs (n=495).
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Figure 3. SWR amplitude, but not duration or PRW amplitude, is greater during

remembered trials during goal-directed visual search.Top; cumulative probability

distribution. Black line connecting dots in the top left inset of top panels indicates p<0.05

between groups, as represented by dot color. Bottom; boxplots of corresponding distributions

above Median values for each animal are plotted in orange (LU) and pilup)ecrosses for

SWR duration (A), amplitude (B) and PRW amplitude (C) during remembered (n=220) and

forgotten (n=112) trials.
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Figure 4. Ripple waveform varies by celtype activity and spike timing relative to the SWR

event.A. Top, mean £95% confidence intervals of broadband SWRs grouped by putative

pri nci paltimngihtd: m&ippke, pipple,@ostipple wave, and null. Black line
connecting dots in the lower left ingdttop panel indicates p<0.05 between groups, as
represented by dot color, for respective ripple feature. Bottom: probability density histogram of
spike counts in a = 200ms window centered around the maximum ripple amplitude for putative
principal units. (B) as in (A) but for nofbursting lowfiring rateunits; (C) for bursting high

firing rate, and (D) for putative interneuron units.
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Figure 5. Ripple and PRW amplitudes vary by celtype activity and spiketiming. Mean

+95% confidence intervals of ripgp(left) and PRW (right) envelope amplitudes alanth peak
values with error bars indicating 95% confidence intervals for principal units (Abunsting
low-spiking units (B), bursting highpiking (C) and putative interneurons (D). Schematic of
maineffects; spikes from principal cells (PR) and inwirons (IN) are associated with greater
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Chapter 3: Dissociations in neocortical and hipocampal synchrony

for remotely learned episodic memory

A key question in the neuroscience is hincontribution of different brain areas
towardsmemory change with timasthememory becomes older. In Chapter 1, | reviewed
evidence suggesting thgtisodic memory is initially dependent on the hippocampus but over
time this dependence shifts to nedtcal areas such as the ACC and RSC (standard model of
systems consolidation). | also reviewed evidence showing that dependence on the hippocampus
does mt change with timeand that the hippocampus is always required to retrieve the
contextually rich diils of an episodic memoKynultiple trace). The large body of literature
testing the hypotheses of both models have largely lagkettrg@hysiological neasures of
neural activity whichrepresenthe main currency of neuronal communicatidmthis Chapter,
we investigatd the electrghysiologicalactivity of neural populations in the hippocampus, ACC
and RSC simultaneously, as animals completed a metaskysingremotely and recently
acquired memorieg.wo female macaques learned acfatbjectscene associations and were
trained tosearch, find antlold gaze on the correct target for each scene. Twelve to eighteen
months later, both animals weskronically implantedvith multi-channel recording probes in
the hippocampus, ACC and R®C€theirleft hemispherge The animals then completed
recording sessions where they were shown the remetaiyed objeescene sets (constitutirag
probe for remote nmory) along with a novel set (recent memory). We found that remote scenes
were associatd with oscillation bouts in the ACC (~24 Hz) and RSC (~12 Hz) that were greater
in power than during recent scen€bese band limited ranges in each area were thendoini
frequencies throughout the task, and their greater power during remote sceestssygater
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engagement during remote scg@mecessingThe hippocampus had a dominant frequency
around ~12 Hz similar to the RSC but we observed no power differetius nange between
remote and recent stimuli. Vexamined how oscillations in the diféat brain areas are
coordinated with eye movements during search and fgteatemphasdocking during

remembered remote sceneshe neocortical site§ his suggesta causal relationshiwith the
RSCand ACCoscillationsthat maybe guiding the animabgaze towardsememberedarges.

We examined phase synchrony between the hippocampus and the neocortical sites during
oscillatory bouts in their dominant frequencyda and found greater synchrony during
remembered but not forgotten recent scenes. ddnsonstrated enhanced communication
between the hippocampus and tieocortical areaguring recall of recently acquired memories
that is not observed for remote menestiFor recent memory this synchronisation may serve to
facilitatethe strengthening of the neocortical memory representations or to facditateal

For remote memory, it is possible that th@C and RSGire more engaged given that their
memory repreenations are already strengthened, and that recall may not require the
hippocampusWe recognize that our data is correlational and not causal, and that dependence in
the typical sense was not explicitly tested in our experimemigerstanding howhe dfferent

areas are involveith processing remote and recent memory represents the first step upon which
future studiezantest the causal relationships more directly. Existing tools such as optogenetic
inhibition or closedoop interruption are capable ioterrupting neocortical sites and testing
whether they impair the recall of remote memory for example. Similarly, interrupting
hippocampaheocortical synchrony may enable testing whether such synchrony is required for
recall of recent memoryl.he impliations of our findingsand future directionare discussed in

greaterdetailin Chapter 4.
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Introduction

A long-standing question in neuroscience is how neural population activity supports
memory and how this support changes with time. Current evidengesithat memory
representations form simultaneously within the hippocampal formation and the neocortex during
encoding(Tse et al. 2011; Lesburguéres et al. 2011; Cowansage et al. 2014; Bero et al. 2014;
Kitamura et al. 2017; Abate et al. 2018; Matos et al. 2008 hppocampal representation is
thought to serve as an index of the neocorticanory representation, or the activity pattern
activated by an experience. Reactivation of this hippocampal index serves to also reactivate the

associated neocortical reprasgion bringing about memory recdlfeyler and DiScenna 1986)

What happens with time as memories get older remains unilsaiablecrossspecies
body of literaturesupports a model whereemories are initially dependent on the hippocampus
when they are relatively new (or recent) and that as they get older (or remote) they are recalled
independently of the hippocampuslying insteadon their neocortical representations
(Bontempi et al. 1999; Frankland et al. 2004; Maviel et al. 2004; Teixeira et al.Re€iGp et
al. 2009; Smith and Squire 2009; Yamashita et al. 2009; Miller et al. 2010; Corcoran et al. 2011;
Goshen et al. 2011; Vetere et al. 2011; Tayler et al. 2013; Bero et al. 2014; Cowansage et al.
2014; Einarsson et al. 2015; Kitamura et al. 20Hoyvever, comparably strong evidence also
exists suggesting that the hippocampus is required for recall of memories regardless of their age,
particularly where the memory is context riels in episodic memorigRosenbaum et al. 2001;
Steinvorth et al. 2005; Lehmann et al. 2007; Corkin 2002; Maguire and Frith 2003; Addis et al.
2004; Gilboa et al. 2004; Rosenbaum et al. 2005; Viard et al. 2007; Winocur et7alG288en

et al. 2011; Sutherland et al. 2008; Sparks et al. 2011; Bonnici et al. 2012; Broadbent and Clark
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2013; Denny et al. 2014; Ocampo et al. 2017; Sekeres et al. 2017; Sekeres, Winocur,

Moscovitch, et al. 2018)

The retrosplenial cortex (RSC) is®ofthe neocoritcal areas that has emerged as an
important node in the memory netwogarticularly inepisodic memory in humarf¥alenstein
et al. 1987; Maguire 2001; McDonald et al. 2001; Osawa et al. 2006; Maddock 1999; Svoboda et
al. 2006; Spreng et al. 200@nd nonhuman primatéBuckley and Mitchell 2016)s well as
spatial memory in roden{Sutherandet al. 1988; Whishaw et al. 2001; Vann and Aggleton
2002; Vann and Aggleton 2004; Hindley et al. 2014; Harker and Whishaw 2004; Keene and
Bucci 2008a; Keene and Bucci 2008b; Lukoyanov and Lukoyanova 2006; Pothuizen et al. 2008;
St-Laurent et al. 2009Czakowski et al. 2014; Cowansage et al. 2014; Milczarek et al. 2018; de
Sousa et al. 2019n humans, the RSis involved in spatial navigatiofMaguire 2001; Epstein
2008) processing of olgictsin-sceneg¢Bar and Aminoff 2003; Bar 2004andmarkqAuger et
al. 202; Auger and Maguire 2013; Mullally et al. 2012; Spiers and Maguire 2808)
especially familiar landmarkSulpizio et al. 2013; Sherrill et al. 2013; Shine et al. 2016; Patai et
al. 2019) While numeros studies have implicated the &8s a site of remote memory
representatiofAnagnostaras et al. 1999; Bontempi et al. 1999; Miller et al. 2014; Frankland et
al. 2004; Haijima and Ichitani 2008; Corcoran et al. 2011; Tayler et &B;20atche, Dorman,
Gonzalez, et al. 2013; Katche and Medina 2017; Buckley and Mitchell 2016; Todd et al. 2016;
Jiang et al. 2018Jew imaging studiefiave foundhe oppositewith moreRSCactivity during

recent memoryGilboa et al. 2004; Woodard et al. 2007; Oddo et al. 2010)

Another neocortical region implicated in remote episodic mgmaitongside other
cognitive functions such as emotiand rewarerelated processingis the anterioregion of the

cingulate cortex (ACCBroadmann areas 24 and)3&nimal studies have shown that as time
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passes, the role of the ACC in retrieving cahialtbased memory increasggankland et al.

2004; Teixeira et al. 2006; Takehavashiuchiand McNaughton 200&)nd that sccessful

retrieval of remote memory is dependent on an intact A&Dtempi et al. 1999; Maviel et al.
2004; Takehar&lishiuchi and McNaughtoR008; Ding et al. 2008; Restivo et al. 2009; Vetere

et al. 2011; Zhang et al. 2011; Weible et al. 2012; Einarsson and Nader 2012; Kitamura et al.
2017). Although the precise contribution of the ACC to remote memory is not completely clear,
it is though that the ACC is the integration site for remembering what actions are associated
with what outcomes in order to obtain reward or avoid punishRatls and Wirth 2018; Rolls

2019)

Evidence for the current views oemote memonandits dependence on the
hippocampus, RSC and AQ@velargdy come fromhuman damage and imaging studies or
rodentlesion imaging and optogenetic studi®ghile these approaches have been useful in
determining necessity and sufficiency of brain areas to memory retrieval, they have not
contributed to m understanithg of the physiology underlying hothese areas contributettoe
retrieval processAn examination of the electrophysiological responses of the hippocampus,
RSC and ACC during recall of remote memory is therefore key to ascertaimtiodrements
andcontributions.To address thiseed we conducted simultaneowscordings oftie neural
population activity in the RC, RSCand ACCusing chronicallymplanted multichannel
electrode arrays inon-humanprimates, as they completed an episdilie memory vsual

search taskising remote and recently learned stimuli
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Materials and Methods

Surgical procedures

Two adult female macaques (Macaca | at t a, ALEO and ARI O, 12.
respectively) were implanted with indwelling flexible, polyamhmesed intraartical
mul tichannel electrode arrays (6Microfl exd,
models), targeting the hippocampuasgulateand retrospleniatorticesof the left hemisphere,
as describedarlier(Talakoub et al. 2019We successfully acquired neural signal from all areas
in both animals except fane cingulate cortex where we managed to acquire signal for only one
animal (RI).All surgical and experimental protocols were conducteat approval from the
local ethics and animal care authorities (Animal Care Committee, Canadian Council on Animal

Carg. Surgery was performed and data were collected at York University, Toronto, Canada.

Task design

Both monkeys completedraemoryguided visual search task-18 months prior to the
present recordings. During this task, a target object was embeddedturalistic scene, and
presented alongside other objeictiss cenes, compri sing the O6remot e
(stimuli N= 276 for LE andLO4 for RI). During the present experiments, the animals performed
two task versions within each daily sessi&@QUISITION and RECALL trials. During an
acquisition trial, the scene is displayed for 2s and the animal is allowedmohéescene freely,
followed by presentation of a target unique to the scene that is cued by alternating between
original (500ms) ath complementary colours (60ms), making the target salient and appearing to

Apop outo to the obs 2sandeontinued antil hetargecwaeselecegd b e g a
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(designated as a HIT) or until the end of the 7s trial (designated as a MISSjoSelkthe

target was accomplished by holding gaze in th
During a recaltrial, the scene is presented without the cue and the animal had 7s to find and

select the (wtued) target for juice reward (HIT cemembered) or the trial ends without reward

(MISS or forgotten). All trials ended with a giveaway, where the originatatai-modified

scene alternate (100ms each x 5) revealing the target to the animal. Anahteterval of 4s of

black screendilowed each tria{Figure 1A).

Scenes were grouped into sets of 12 (monkey RI) or 16 (monkey LE) sklemeaiser of
scenesn a set wasstimated to account for individual performance differeriash set had
three types of scenagcent remoteandhighly familiar. Recent scenes were novel to the animal
during the first sefi.e. acquisitiofh. Remote scenes were scenssd during initial task training
12-18 months prior. Highly familiar scenes were a preselected subset of six remote scenes that
were regated regularly throughout the experiment, and therefore have a high HIT rate. Two of
these were included in each setset was initially presented in acquisition, followed
immediately by a recall and a third presentation as either a second acquisitikeyriRl) or a
second recall (monkey LE). Whether the third presentation was an acquisition or recall varied
acrossmokeys in a way that yielded opti mal perfor
with a recall of sets from the previous day. Two nets sere presented each day. Daily
sessions started and ended withraiBute rest period where a black screen was ptedeEye
movements were recorded at 1250 Hz using viksed eye tracking (iViewX Hbpeed Primate
Remote Infrared Eye Trackefor the analysis we excluded trials where the animals sy
of trial duration looking ofiscreen (monkey LE: 238/2755 &Vo, monkey RI: 50/1310 or 4%)

to ensurenly trials where the animals were attending to the task were included
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Neural recordings

Locd-field potentials (LFP) were recorded simultaneously from the hippocampus
anterior cingulatend retrosplenial cades digitally sampled at 32 kHz using a Digital Lynx
acquisition system (Neuralynx, Inc.) and filtered between 0.5 Hz and 2 kHz. Tla sigoal
was downsampled to 1 kHz, and a notch filter (59.9 to 60.1 Hz) was used to remove 60 Hz noise.
All offline behavioral and neural analysis was conducted in MATLAB using custatten

scripts and FieldTrigOostenveld et al. 2011)

Generalizedeigendecomposition (GED)

Foranalyses of power, phase concentration and coherence, we designed linear spatial
filters to isolate the independent, reliable sources that fleendynamics of the neural signal
(based on methodology described@ohen 2018)These filters provide a weighted combination
of electrode actity guided by the goal of isolating sources of independent variance in
multichannel data. Spatial filters werefiuhed by the generalized eigendecomposition (GED) of
channels covariance matrices. In GED, two separate covariance matrices are creatau based
pre-defined criteria resulting in eigenvectors that maximally differentiate the two matrices. If the
signal fatures to be accentuated and those to be attenuated are designated by S and R
respectively, the eigendecomposition problem can be writtenas SWWRs . The sol uti o
problem yields W which is a matrixfof eigenve
eigenvalues. The resultant filters, defined by eigenvectors, are then applied to multichannel
electrode time series to obtain a set of conepbtime series. If GED was unable to differentiate

between various sources of variance, shrinkage regularizeéisemployed 1 percent.
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For power and phase concentration analyses, the S matrix was created from 1 second of signal
after scene onset (starfttrial) and R matrix from 1 second of baseline activity prior to the scene
onset. In this design, we soughtatbenuate continuous noise in the signal and accentuate the
dynamics that are relevant to the task. For coherence analysis, we created titve fBomahe
bandpass filtered electrode time series ir2lHz. R matrix was then formed from the

broadband elctrode time series. In this case, the column in W with the highest corresponding
eigenvalue then corresponds to the eigenvector that maxiemddbnces the 1#P0Hz frequency
activity. The inputs to the GED were signal from multiple channels and triafsargiven probe

and the output was a single weighted tiseeies component per trial per probe. The analyses that
follow use the resultant GEBbmponents that represent the weighted combination of activity

from multiple channels in each probe.

Spectral aralysis

Grand power was computed usmgouriertransformanda Hanningmulti-taper
frequency transformation, averaging over the whole duraticearch trials including both
acquisition and recall trials (N trials foE = 1152, Rl = 422) Mean power spectral density was
examined in 500ms windows with a 1ms sliding windmmducted on individual trials then
averaged across trialBor meantime-frequency spectra, we implemented a Morlet wavelets

multi-tapertransformatiorwith a width offive cyclesanda frequency stepize of 1 Hz.
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Phaseconcentration

To examine phase alignment with eye movement we inspectééhgignal in 600ms
windows centeredroundfixation onses (perifixation signal). We examined alécall trial
fixationssplit by remembered and forgotten trials. Mean phase concentratidnogpams were
computed on thperifixation signal(+/-1000ms around fixationsjsing asliding window of
200ms in 1ms steps to identify frequency bands for subsequent analysis. Based on these
spectrograms which showed phassmcentration between%Hz, we bandpass filtered theerk
fixation neural signal between@Hz, then the phase amgl of the Hilbert transform were used
to compute the mean resultant vector length (or phase concentration). Circular statistical analyses

were performed using the CireulStatistics Toolbox for MATLABEBerens 2009)

Bout detection

For detection of oscillatory boutd activity in dominant frequency bandhe signal
from all trials was bandpass filtered betwd€l5 Hz for RSC and 226 Hz for ACC, then the
envelope of the analytic signal was used to detect oscillatory esrestsnga thresholdf 2
SDs above the mean, wighminimum duration of 100ms beginning and ending at 1 SD. This
time period defined the bout duration and the amplitude efsedl as the maximum peak of the
envelope. Control bouts were chosen as threstrolsisings in the opposite direction to identify

windows of time of weake$tandlimitedpower(Supp. Figl).
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Phase synchrony

Phase locking during oscillation bowtss calculated from the crespectral density of
the bout signal and the correspondingd#Hgnal using the debiased weighted phase ldgxin
(wPLI). ThedebiasedvPLI measure of phasg/nchronization minimizes the influence of

volumeconduction, noiseral the samplesize biagVinck et al. 2011)

Statistical analysis

Proportions of hit rate and bout occurrence across scene types were compared using a
two-tailed Chisquare test focomparing proportions. Search times were compared using-a two
tailed ranksum Wilcoxon test. Timdrequency spectra were compared using nompeitac
permutation tests using the Monte Carlo sampling method and a dlaset correction for
multiple-compaisons. To test for statistical significance of differences between phase
concentration and synchrony (wPLI values) during the recent and reorations, we
performed a nonparametric permutation test with the difference in phase concentration or
coherene between conditions as our test statistic. The test statistic was calculated for each
frequency bin, then bins whose statistic value was k26+97.5th percentiles were selected,
and clustetlevel statistics were calculated by summing the test statidttin a cluster. This
testing method corresponds to a #taded test with falsgositive rate of 5% corrected for
multiple comparisons agss frequencie@Nichols and Holmes 2002; Maris and Oostenveld

2007; Jutras et al. 20Q9)
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Results

Overall, we recaded 62 sessions (LE = 37, RI = 25), including 926 acquisition (LE =
686, RI = 240) and 1870 recall trials (LEL386, RI = 485). Both animals had a >90% hit rate
(i.e.target found %pn acquisition trials, and during recall, a higher hit rate on higimyliar
scenes compared to recent (LE: X2(1, 300) = 268, p<0.05, RI: X2(1, 395) = 44, p<0.01) and
remote scened E: X2(1, 312) = 138, p<0.05; RI: X2(1, 448) = 23.0, p<0.001). Remote scenes
had a higher hit rate compared to recent scenes (LE: X2(1, 3H)p<0.01; RI: X2(1, 395) =
44, p<0.01). Correspondingly, recall during highly familiar trials had shortertsgares than
recent (LE: z = 2.40, p < 0.05, RI: z = 6.45, p < 0.001) and remote trials (LE: z = 4.52, p<0.001,
RI: z = 2.63, p < 0.01). Remoseenes were found faster than recent scenes in one animal (RI: z
= 4.55, p < 0.001), while for the second anithare was no difference in search time for remote

and recent scenes (LE: zE£58, p = 0.11Figure 1B.

Remote memory is associated with gater beta and gamma power in the RSC and ACC

We first examined the grand spectral power during searcfoand a prominent peak
between 120 Hz in the RSc and HPof bothanimals (Figure 1DWe then examined whether
spectral power in this range varieg memory age in two main epoclsseneonsetconsising of
the first 2s of acquisition and recall trialhi@n the scene fgst presented, anetmembered
targetconsising of the lastl.5s before a triaénding fixation omememberedecalltrials (Figue
2). A norparametric permutation test revealed greafet5Hz mean power spectral density in
the RE betwveen 0.52s after scenenset(Figure 2B)and 1.250.25s before triaénd on

remembered trial§igure 2F) In the timefrequency representation, amparametric cluster
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based permutatiotestshowed remote trials to have greater power (p<0rD&)cluser
beginning as early dsafter scenenset(Figure 2C)and 1.25s before trial erffligure 2G) We

found no differences in HPpower between remotnd recent trial§Figure 2D and 2H)

An examination of the highly familiar scenes revealed a sirméad as remote scenes
with greater band limited power in the RSC compared to rescemies (Supp. Fig). We then
isolated a group of recent scened gresented them to the monkeys in recall mode for a total of
~10-20 times over daily recording sessions for two weeks to observe if the spectral response
would change. The response to the repeated scenes regdehdilof remote scenes with greater
poweroccurring earlier during the onsgppoch(Supp. Fig3). The grand spectral power in the
ACC during search revealed a prominent paak22-28Hz (Supp. Fig 4A) Power in this band
was greater during the onset epad remote trialsn a cluster between 1.7Zs after onset

(Supp. Fig4E).

General linear regression model

We observed that the bandlimit&@15 Hz RSC oscillation occurs in brief bursts or
bouts throughout search trial§e thenused a envelopahresholdingapproacho identify
suprathreshol®RSC bouts of activity betwed)-15 Hz (described in Methods, Supp.Fig.1).

This was followed by a lineaegression model to examine how task variables contribute to the
magnitude of these boutd/e detected564bouts across all trials (LB278 RI: 1285), with
1290bouts during acquisition (LE 894, Rl =396) and3274 during recall triald_.E = 2384 RI

= 890). Bouts occurred more frequently during recent compared to remote trials during both

acquisition (LE;X? (1, N=894) =6.18 p < 0.05, RI;:X? (1, N=396) =28.2 p=1.1x10") and
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recall (LE;X? (1, N=2384 =42.3 p=7.6x10%, RI; X? (1, N=890) = 336.4 p < 0.01). Remote

recall trials therefore had fewer, but greater bouts compared to recent trials.

A regression analysis was used to testtivaghe followingtask variablesn recall trials
predicted boumagnitudescene age (remote mcent) search timetime from bout peak to trial
end,the screen quadrant containing the target (to test for vigldleffects given our unilateral
recodings, time to fixate on target and animal ID (to test for differences in bout amplitude by
animd). The model accounted for 32% of the variance in bout amplitude (F(6,3090) =173, p <
8.3x10%*2, R?=.32), and showed that scene age-®.9, p < 0.001)search time (t=4.2, p=2.0
x 10°), bout peak to end (t = 5.87, p = 4.64 X)1&nd animald (t = 2.8, p < 0.01) prediet

bout amplitude.

Phase synchrony betweerye movements andheural oscillations

We then examined the degree by which the eyeements during search are temporally
coordinated with oscillations in the different brain areas. We measured the phase concentration
in a +£300ms window around fixation onsets throughout trials and foungliaase alignment
was concentrated betweetd4z. Phase concentration was greater in the RSC (Figure 3A and
3B) on remote scenes beginning shortly before fixations-{RB ms, LE-75 ms) and lasting
until 125200 ms postixation compared to recent s@m This larger phase concentration on
remote tials was present only on remembered but not forgotten trials (Supp Fig. 1). Although
this phase alignment increased in the HPC as well during both remembered and forgotten trials,
we found no difference betwa recent and remote scenes (Figure 3C and@iNMapsing trials

by scene age, we compared phase concentration between remembered and forgotten trial
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fixations in the HPC based on recent reports showing greater phase concentration during
remembered trial&ragel et al. 2020put found no differences (p>0.1h the ACC, there was a
similarly greater phase alignment to fixations during remembered remote trials that began at the

fixation points extending until ~200ms pdbtation (Supp. Fig 7)

Interareal phase gnchrony

Having identified bouts of barimited activityin theRSCthat occur with greater power
during remote scenes, we examif&BGHPC synchrony during tese bouts using the debiased
weighted phase lag index (WPLRirst, we examineBRSGHPC bout synchrony during search,

ITI and rest periodsf the recorthgsand found synchrony to be most prominent during search
We then examined synchrony during search by scene type and compared synchrony across
remembered anfrgotten trials. We found that during remembered, but not forgotten or control
trials (periodsof low bout magnitude), RSBPC synchrony was greater for recent compared to
remote scenes in the ~28 Hz range (Figure 4). This difference in synchrony wasgteonly
during recall trials and not during acquisition tridde found similar synchrongetween ACE

HPC in thdow (20-40) andhigh gammaX00-120) Hz rangesimilarly only during remembered

recent scenes (Supp. By
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Discussion

In this study, we measured the neypabulationactivity in thehippocampus, RSC and
ACC simultaneously as ncaques completed an episotike memory task. Our findings are 1)
onset of remoteljearned stimulis associated witlgreatetbetapower in theRSC andyreater
gammapowerin the ACC 2) neural oscillations in tHRSCand ACCphaselock with eye
movemens duringsuccessful recall aemote memory, and 3) greateppocampat neocortical

phasesynchrony during recent memory recall.

We observed greatbetain the RSCduring recall of remote memory. Our group has
previously shown this to be a prominent éam this region of the primate brain during normal
waking behaviours (such as walking and groom{ii@lakoub et al. 2019 onsistently, it was
also the most prominent band during visual search in the psgsegt(Fgure E). The power
increase in this band during remote memory suggests that the retrosplenial corbenmoag
greatlyinvolved in processing remote compared to regesual spatiamemory. In line with this
interpretation, we found stronger phdseking between retrosplenial cortex oscillations agd
movementsnade duringuccessfutecall of remote m@mory that begn shortlybefore fixations.
This temporal coordination observed during remembered but not forgotten trials, suggests a role
for theRSCin guiding gaze towards the correct target on this task. Similar b@sag of RSC
with fixations to pedict remembered trials has been reported using MEG in humans during the
encoding of visual stimuli that would later be remembégtdudigl eal. 2017) Although we
observed phasiecking of fixations to hippocampal activity, as has previously been shown
(Hoffman et al. 2013; Andrillon et al. 2015; Katz et al. 20%8) found no difference between
remote and recent memory, suggest unique role for thRSCin the recall of remote memory.

Results from the ACC were similar, showingater power in its dominant gamma band during
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remote trials and greater phase locking to eye movements during successful recall of remote
scenes. Thee findings suggest a unique role for the ACC and RSC in processing remotely
learned episoditike memory.Such a role has been observed usingembldagging(Tayler et

al. 2013; deésousa et al. 2019mmediate early gen@ontempi et al. 1999; Maviel et al. 2004;
Frankland et al. 2004; Katche, Dorman, Gonzalez, et al. 2018h&and Medina 201,/gsion
(Haijima and Ichitani 2008; Todd et al. 2016; Jiang et al. 2ah8)phamacological studies
(Corcoran et al. 201 linacaque lesion studi¢Buckley and Mitchell 2016)xas wel as human

case(Maguire 2001)and imaging studie@Benuzzi et al. 2018; Patai et al. 2019)

We found greater couplingetweenRSCQACC and HPCduring recent memory recall in
the gamma bandtrikingly, we observed this coupling only during remembered trials, and not
during forgotten trials. This coupling based on the phases of the oscillations in the two brain
areas suggé&sgreater communicatigiries 2015) although the directionality and functional
cause of this coupling remains to be understood. While this coupling could underlie
consolidation of newly acquired targ&tene associations, it could also indicate retrieval of
recently acquired memaryhat weonly observed this coupling during recall and not acquisition
suggests that this may be a retrieval mechanismRBt@and HRC have strong bilateral
connectiongKobayashi and Amaral 200@nd form part of an extended network of areas
involved in episodic memory and spatial navigaii@anganath and Ritchey 201Zhis
coupling wa not observed during remote memory recall suggestingifhyadcampal
neocortical interaction is not needed to support reca#trobte episoditike memory.Although
our findings are correlationahey point to a greater role for neocorticedas in pocessing
remote memory and greater hippocampabcortical interactions during recent memdiyese

findings support standard consolidation theory which suggestsater role for neocortical areas
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in supporting remote memory and a decreasexifoolthehippocampusSimilar observations

have been reported in rats using inhibitory avoidance learning where memory initially requires
both HPCandRSC(Katche, Dorman, Gonzalez, et al. 2018)t after two weeks no longer
requires the HE (Izquierdo et al. 1997gnd remains dependent BI$C(Katche, Dorman,

Slipczuk, et al. 2013)

In summary, our findings represent first electrophysiological evidence BSC
involvement in the processing of remote memory in primates. We found gr&(@er
involvement in remote memory recall and prefereR&(GHPC synchrony during recent

memory suggesting functional reorganizatiom&moryrepresentation with age.
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Figure 1. Experimental design task performance and recording locationsA) Top, during
acquisition, a trial begins with 2s of freeewing followed by target cueing through quick

alternations between a colenmodified version and the original. During recall, the scene is

presented without the cue. A trial ends with a 0.8s fixatiotauget for which a fluid reward is
delivered (HIT), or when the maximum trial time is reached (MISS)ivRawaypresents the
cuedtarget for a longer duration (100ms) at the end of a trial followed by the ITIRd&pm

scenes were grouped insets?116 s cenes and were of three typ:¢
presented12 8 mont hs prior, O6recent hivgi Eeamiweirar 608
which were six remote scenes with a high HIT rate. In the present recordings, sessions began
with aset shown in acquisition followed immediately by recall. Twdbtyr hours later, the set

is shown in recall before another set isganted in acquisition followed by rec&). Top, from

left, target found % for acquisition trials, recall trials (botmediate and next day recall), recall

trials by scene age and search time during recall per scene age for monkey RI. Black bands in
violin plots indicate mean valuBottonm same as top but for monkey LE. Values above bars
indicate number of Target Foundhats in respective conditiol€) Top row example scan paths

during 2s of freeviewing 2s on acquisition trials of remote scenesli@ad in red is the target.

Note that gaze goes towards the target even before the cue, suggesting preserved memory of the
target.Bottom row example scan paths for a HIT (or remembered trial) and a MISS (forgotten

trial) during recall trials. Inset in poright of each scene indicates search time in secnds.

Electrode localizatiosy RSC in blue and HPC in reldsetsmean power during search f&®SC

and HFC. Vertical lines indicate where 10 and 20 Hz lie.
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Figure 2. Retrosplenial cortex RSC) exhibits greater10-15Hz power during remote
scens. A) Top; Example broadband signal during first 2s after trial onset when a scene is
presented. Botton1,0-15 Hz filter of signal aboveLE indicates data for animal 1, and Rl on
right indicates datéor animal 2 B) mean power spectral densityldf15 Hz band using 500ms
windows in 1ms steps. Shading indicated 95% bootstrap confidence interValp;Ghean
spectrogram of remote trialsE n = 594 RI n = 153, middle recent trialsl(E n = 605 Rl n=
240), bottom;remotei recentdifference spectrogramith the norgreyed region representing
clustes with a difference of p < 0.05 in@dusterbasedoermutation testorrected for multiple
comparisonsD) Top; mean spectrogram of remote trials inimpocampus, bottom: recent. E

H same as A but forthe last 1.5s before the end of remembered trials.
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Figure 3. Eye movements on remembered remote trials are phase locked with the phase of
retrosplenial cortex RSC) theta oscillations.A) Top; mean LFP locked to fixations on
remembered trials, bottom; mean phase concentration of RSC oscillations around fixations for
monkey LE (remote n = 2134, recent n = 1042). Light shade around mean traces represent 95%
bootstrapped confidence intervaBrey shading represents p<0.05 difference between remote

and recent phase concentrations in ata¥ed clustetbased permutation test. B) same as A) but

for animal RI (remote n = 1267, recent n = 2921). C) and D) are similar to A) and B) but for the
hippocampus of each animal respectively (LE; remote n = 2054, recent n = 1031, RI; remote n =
1297, recent n = 2972).
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Figure 4. Greater retrosplenial hippocampal phasesynchrony during rememberedrecent
scenesA) Left phasdocking (wPLI) by frequencyduring10-15Hz RSCbouts across rest (n =
3346), ITI (n = 6423), search (n = 238d) LE. Right difference inRSGHPC phaselocking
betweerbouts orrecent and remote trials during remembdredent = 112 bouts, remote = 204
boutg, forgotten ¢ecent =1159, remote = 9Q@ndcontrol(recent = 2937, remote = 2331

bouts. Vertical blue bars from zero indicate frequencies with a permutation test difference of
p<0.05.B) Same as A but for animal Réft; rest(n = 2338), ITI (n = 1937and search (n =

890), right; rememberedrecent = 106, remote = 1)/6orgotten (ecent = 468, remote = 140

and control (ecent = 1108, remote = 3/ Grey sharing indicates frequencies where the
difference between recent and remote is p<0.05 in a cloassd permutatiotest.
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Supplemental Figure 1. Threshold-based bout detection exampléViaroon trace is th&0-15

Hz filter of the broadband signal during a 7s trial. Purple trace is the upper bound envelope.
Orange dotted line represents the mean of the envelogbenred dotted line represents the
threshold at 2 standard deviations above the envelope mean.dramsle trial, there are two

thresholdcrossing bouts detected.
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Supplemental Figire 2. Greater 10-15Hz power in the retrosplenial cortex (RSC) dumg

highly familiar scenes compared to recent scene8) Topg mean spectrogram of recent trials
(n=823) middle; remote scenes (n=80®&)pttom highly familiar scenes (n=248) for monkey LE.

B) same as A) for monkey RI, recent n = 289, remote n = 193 yH@miliar n = 26. C) Mean
spectrogram difference between highly familiar and remote sceneani&) as C) for monkey

RI. E) Mean spectrogram difference between highly familiar and recent scenes. F) same as E) for
monkey RI. G), I) and K) same as as A)ady E) but for the trial end epoch of remembered

trials, recent n = 73, remote n = 152, highdyniliar n = 196. H), J) and L) same as G), |) and K)

but for monkey RI, recent n = 47, remote n = 65, highly familiar n = 24.
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Supplemental Figire 3. Greater 10-15Hz power in the retrosplenial cortex (RSC) during
repeated recent scenes compared to recent scen&stop; mean spectrogram of recent trials
(n=823) middle; remote scenes (n=806)ttom repeated recent scenes (n=90) for monkey LE.

B) same as Afor monkey RI, recent n = 289, remote n = 193, highly familiar n = 175. C) Mean
spectrogram difference between repeated and remote scenes. D) same as C) for monkey RI. E)
Mean spectrogram diffenee betweemnepeatednd recent scenes. F) same as E) fonkay RI.

G), ) and K) same as as A) C) and E) but for the trial end epoch of remembered trials, recent n
73, remote n = 152, highly familiar n = 38. H), J) and L) same as G), |) and K) mobiixey

RI, recent n = 47, remote n = 65, highly familiax 408.
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Supplemental Figire 4. Anterior cingulate cortex (ACC) exhibits greater21-26 Hz power
during remote scens.A) Power across frequency during search showing a peak around ~23
Hz. B) Example broadband signal during first 2s after trreded when a scene is presenteyl.
21-26 Hz filter of signal aboveD) mean power spectral density2#-26 Hz band usin@00ms
windows in 1ms steps. Shading indicated 95% bootstrap confidence inErvalp; mean
spectrogram of remote trials (n289), middle recent trials (n 193), bottom;remotei recent
difference spectrogramith the nongreyed region representiogustes with a difference of p <
0.05 in a permutation tedt:I) same as E but for trial end epoch of remembered trials. Remote

n =45, recent n = 65.
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Supplemental Figire 5. Greater anterior cingulate-hippocampal phasesynchrony during
remembered recent scened\) difference in ACGHPC phase locking between bouts on recent
and remote trials across remembered (recdritlbouts remote = 19%4out9 and forgotten

trials (recent = 530, remote = 14¥rtical blue bars from zero indicate frequencies with a

permutation difference of p<0.05. B) same as A) but for ARKC synchrony
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Supplementary Figure 6 Eye movemens are not preferentially locked to the phase of theta
oscillations in the RSC duringforgotten trials. A) Top; mean LFP locked to fixations on
remembered trials, bottom; mean phase concentration of RSC oscillations around fixations for
monkey LE (remote r= 2134, recent n = 1042). Light shade around mean traces represent 95%
bootstrapped confidence intervals. B) same as A) but for animal Rl (remote n = 1267, recent n =

2921). C) and D) are similar to A) and B) but for the hippocampus of eatialaigispectiely.
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Supplementary Figure 7.Eye movements on remembered remote trials are phase locked

with the phase of anterior cingulate corteXACC) theta oscillations.A) Top; mean fixation
lockedLFP signal on remembered trials, bottom; meaasplconcentration of ACC theta

oscillations around fixations for Rl (remote n = 1328, recent n = 2952). Light shade around mean

traces represent 95% bootstrapped confidence inteB)a&me as A) but for forgotten trials.
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Chapter 4: Conclusions

Neocotical activity during remote memory

Despite a torrent of studies on systems consolidation, little consexistsegarding
how memory representations reorganise with tifies state of disagreement is demonstrated by
two recently proposed interpretat®ohased on contrafines ofevidencgYonelinas et al. 2019;
Barry and Maguire 2019pPespite disagreemeswn a modefor howmemory reorganeswith
time, a clearer picture is emerging about memory representations in the brain nmeralgen
This has been fueled in part bgsemble tagging techniques that allow for the permanent tagging
and manipulation of neural populations active during an experieacexample, we now know
that reural populations active during an experience nedxttreactivated (or at least a subset of
them) for successful recall of that experigraned thatheir inhibition impairs recallThis has
been demonstrated in the DGA1 and CA3 of the hippocampdsiu etal. 2012; Denny et al.
2014; Tanaka et al. 2014nhd theretrosplenial cortexCowansage et al. 2014; de Sousa et al.

2019)

We now alsdknow thatneocorticaimemory representatiomsrm rapidly during learning
require tme to develo@ndare stable over tim&his has been observed as a gradual increase in
spine density after learning in the AQRestivo et h 2009; Vetere et al. 2011; Bero et al. 2014;
Kitamura et al. 2017; Abate et al. 2018; Matos et al. 2q8)imbic region of the mPF(J'se et
al. 2011) orbitofrontal corteXLesburgueres et al. 201Bnd RSO Cowansage et al. 2014)

These neocortical representati@tsive during learning are reactivated during retrieval weeks
later as demonstrated recently in the mR¥@re tagged ensembles were five times more likely

to fire during retrieva{(Matos et al. 2019)n theRSC tagged ensembles during a spatial
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learning task become more stable with training, can be maintained for several weeks and their
stability predicts memory retentigMilczarek et al. 2018)\We found that recathf stimuli

learred one year earlier was associated with greater engagemenR8thand ACC

suggesting that neocortical memory representations are stable for at least one year in primates
We observed that eye movements were tenligazaordinated with the phase thfe neocortical
oscillations during remembered remote scenes. Such coordination between eye movements and
brain oscillations has been observed in visual gifdastemurro et al. 2008; &man et al.

2009; Ito et al. 2011 pandthe hippocampu@Bartlett et al. 2011; Hoffman et al. 201But to our
knowledge this is the first report of such locking occurring R8C and ACscillations. This
coordination may reflect a@moryto-vision guidance mechanism that allows pertinent memory

- for exampleof the location ofewarding objectsto influence how organisms visually sample
their environmenandsubsequentlynake decisiondVhetherthe RSC representations are

necessaryor remote recall remains to be tested.

Stronger cortical engagement was observezhhancedeta power in the RSC and ACC
during remote memory. This power band in cortical areas is known to be generated and entrained
by somatostathexpressing (SOM) anglarvalbuminexpressing (PV) interneurons. Evidence of
this comes from optogenetic studies that silence different interneuron types and observe the
effects on different rhythm ban@&hen et b 2017; Veit et al. 2017; Cardin 2018)esting the
importance of this rhythm for remote memory recall could be achieved through silencing or
modulating SOM and PV interneurons througturomodulatory technigues such as optogenetics
or ultrasonic neurondulation and examining whether the abolishment of the rhythm would

affect recall.
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RSC role in memory

The greater recruitment of RSC coupled with synchrony to eye movements during remote
memoryraisesa question about how tiSCcontributes to performanceén our task. In Chapter
1, I reviewed evidence that the RSC is necessary for remote spatial memory for-iobgeeses
in primategBuckley and Mitchell 2016)r reward-in-mazes in rodent&zajkowski et al.
2014) Longitudinal observations of RSC ensembles during spatial learning show that tagged
ensembles stabilise over weeks during training and that their stability predicts memory retention
(Milczarek et al. 2018Pecoding of cell spiking activity shows that RSC neurons code for
contexts associated with rewal@nith et al. 2012)cues associated with rewddocations
(Vedder et al. 2017and egocentric rewaralssociated trajectories at decispmints that possibly
inform the animbabout which path to traverglexander and Nitz 2017; Ner et al. 2019)In
our visual seixh task, this would be equivalent to coding for visual trajectories in the naturalistic
scenes that lead to rewarding targets. In addition to place cells, primates are known to have view
cells which have evolved insponse to the primate dependence envibual sensory modality
to navigate in the worl@Meister and Buffalo 2016)t is therefore plausible thtte primate
RSC codes for rewarded obijects in visual scenes which provides useful information during
navigation. One of the main symptoms of RSC damage in humans is an inability to use familiar
landmarks to navigate, and an id@pito learn new navigation routédaguire 2001)
Generalising from rodent de c twmieftagthedbadkerywitre s |, i f
the bluedoortoreachhome i n pr i mat es, it would teusgHheai n wh
bakery with the blue dodo navigate their way home after RSC damage. Accordingly, the RSC
is an integration site that contains visual trajectories based on objects in the environment in

ensemble spiking sequences. This would explain why tl&iRStrongly recruited when
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macaqusview remote scenes. RSC ensembles coding for the visual trajectory towards
rewarding targets become reactivased locally synchronisdé@ading to the detection of
enhanced power in the beta bamtdiswould alsoexplain why eye movements are synchredis
with the phase of the RSC oscillatidresting the necessity of the RSC for remote memory recall
could be conducted using closkedp stimulation to disrupt suptaresholdl0-15 Hz bouts of

oscillatory activity durig recall.

Hippocampal role in neoctical representations

There is nowalsoevidenceor the longtheorised role of the hippocampus as an index of
neocortical neural populations active during an experi€heger and DiScenna 1986lhis has
been demonstrated by studies where inhibiting tagged hippocampal cells (cells active during
learning) not only impairs recall, but also inhghibe reactivation of taggeshsembles in the
neocortical areas such as the entorhinal, perirhinal and retrosplenial ddréinaka eal. 2014,
Guskjolen et al. 2018Yheindexingrole of the hippocampus that can bring about reactivation of
neocortical traces is thought to underlie the stabilisatioreotorticamemoryrepresentations
Evidence for ths guiding role comes from sties showing that hippocampal lesidRestivo et
al. 2009) protein synthesis inhibitiofAbate et al. 208) and optogenetic silencir(glitamura et
al. 2017)disrupt learningassociated spine growth in neocortical aréag. functional effect of
increasingly stal@ineocortical representations is increased firing selectivity for learned
associations over weeks but not immediately after leaffiakgeharaNishiuchi and

McNaughton 2008; Morrissey et al. 2017; Kitamura et al. 2017)

Therefore, during recall of recent memory, tagged hippocampal ensemblesstappea
trigger the reactivation of neocortical neurons active during learning. The functional relevance of

this reactivation could be to aid in recall, strengthen the neocortical memory representation or
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both. Our finding of greater synchrony between th@dtampus and the RSC/ACC during
recall of recent memory is consistent with these findings, althougheneunable to assert the
functional relevance of such synchronisation other than note that it @rduiduring

remembered trials. If thisynchrony suports further neocortical pattern strengthening for the
purpose of creating stable remote representations, then disrupting it (optogenetically or through
closedloop stimulation) should impair recall at a remote time point. If this synchrgupyosts
recert recall, then disrupting it should impair readliring recent probe3his prediction is based
on the finding that interrupting a recentbymed RSC memorgepresentatioimpairs recall
(Cowansage et al. 2014)e found hippocampaieocortical synchrony in the gamma b&rg80
Hz) which is ideally suited for ensuring effective communication between distant brain areas.
Gamma band synchronizati allows sgies from distant areas to arrive in a temporally
coordinated manner allowing for magéfectivecommunicatiorbetween area$-ries 2015;

Hahn et al. 2019)

Mechanism by which hippocaompguidesieocortical stabilisation

One of the mechanisms by which the hippocampus guides the maturation of neocortical
memoryrepresentations thought to be neurophysiological coupling during shagve ripples.
The macaque hippocampus is reciprocally connected to the RSC which itself is reciprocally
connected to the ACC and is thought to act as a conduit for information ékovedn the HPC
andACC. In the rodent brain, the HPC is monosynaptically connected to the ACC through
sparse projections though a similar projection has yet to be shown in primates (Figure 1)
((Kobayashi and Amaral 2000; Kobayashi and Amaral 2003; Kobayashi and Amaral 2007;

Cenquizca and Swanson 2007; Rajasethupathy et al..2015)

95
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Figure 1. Hippocampaleocortical connections. The hippocampal formation (subiculum,
presubculum, parasubicul) and the parahippocampal region including the entorhinal cortex
are reciprocally connected to the RSC, and the RSC is reciprocally connected to the ACC which

may serve as an indirect HPXCC route.

As described earlier, replay of earlispiking sequenseoccurs during hippocampal
ripples(Nadasdy et al. 1999; Lee and Wilson 2002; Foster and Wilson 2006; Csicsvari et al.
2007; Diba and Buzsaki 2007; Ji and Wilson 20&Y¥) sees associated replay activity
throughout the brai(Qin et al. 1997; Pennartz et al. 2004; Ji and Wilson 2007; Reysal.
2009; Gomperts et al. 2019)his distributed and widespread repetition of earlier neuronal
activity patterns during ripples is thought to promote the consolidatiearlier experiences into
stable, longgerm memory representations in the rertex (Carr et al. 2011; Girardeau and
Zugaro 2011; Sadowski at. 2011; Roumis and Frank 2015; Buzséaki 20R&cent evidence of
this role shows that when rippépindle coupling following learning is disrupted, memory is
impaired at aemote time poinfXia et al. 2017)Consistently, when rippispindle coupling is

increased through closddop eledrical stimulation during sleep after learning, memory
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consolidation is enhanced as evidenced by improved memory perfor(iMaiogret et al.
2016) This evidence suggests that during ripples the hippocsunguces a strengthening of
neocortical representations in a way that facilitates the development of enduring memory

representations.

Besides their widely hypothesised role in memory consolidatipples have recently
garnered strong evidence suggestimey also play a role in retrievdadhav et al. 2012;
Leonard and Hoffman 2017; Wu et al. 2017; Norman et al. 2019; Vaza§118; Vaz et al.
2020) In a decoding study of awakipples, ripples occurring at decision point in a memory task
replayed activity patterns representing trajectories towards rewarded location in @\nate
al. 2017) This suggests that ripples at the decision point brought about recall of memories that
can guide the ani ma lyinshuntaescperfimance. in alverbalavord i mi | ar
associated memyptask was predicted by ripples occurring just before verbal response initiating
replay of spiking sequences in the temporal cortex that had occurred during the learning phase of
the taskVaz et al. 2020Q)These findings suggest that the hippocampus initiates retrieval of
memory representations in neocortical areéaring recall of recent memory through shagve
ripples. Whether such replay occurs during recall of remote memory has not yet been tested but
would be a strong demonstration of remote memory dependence on the hippocampus or the
neocortexOne of the rain limitations of the experiment in Chapter 3 of thisditation was our
inability to observe ripples in both animals. The reason for this failure to detect is likely related
to the size of the primate hippocampus and the low density of its neurarmparson to the
rodent hippocampus. The size and spamidperties create a situation that can benefit from
modifying recording locations until ripples are detected. In Chapter 2 for example, we used

adjustable tetrodes which were inserted at the tapeohippocampus, then lowered
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incrementally in daily se&mns until ripples were detected. In the recordings from Chapter 3, the
electrodes were chronically implanted during surgery targeting the anterior hippocampus and
their location was not adjustablghis inflexibility to lower the electrodes and searchrfpples
naturally lowered the probability that they would be detedtied. we detected ripplesyen

without decoding spiking sequences, we may have been able to make inferences on
hippocampaheomrtical communication during remote memory recall by examgi ripple

associate@dctivity in neocortical areas.

As reviewed above, replay comes in more flavours than initially thought. During waking
ripples for example, replay occurs in reverse orderaayge of replay often called ppgay
occurs before a tdraverses a maze containing possible future trajectories. Yet, despite a
significant shift in our understanding of the ripple and replay phenomena, we still largely lack a
solid understanding ohe difference between ripples in different states, hoferdifit cell types
contribute to replay and how different kinds of replay contribute to memory consolidation and
recall(de la Prida 2020)These questions currently motivate an active and exciting area of
memory research in rodents, and increasingly in primates where theaimphippocampal cell
type literature is particularly acce. Examinations of the rodent hippocamipagelatively
simple brain area reveal a rich diversity even within classical cell types. It follows that the
relatively more complex primate brainntains a potentially more diverse within eglpe

hetero@neity that is yet to be exploré@embrowski and Spruston 2019)

In Chapter 2ye attempted to contribute to answering the following question: if ripples
occur in different states with potentially different types of replay, are the features of the ripples
as commonly detected the LFP also different? And if so, how do differenit tges contribute

to these differences in features? We examined how ripple feasuwel as amplitude and
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duration- change with waking states and how four hippocampal cell types contribtiesto t
features. We found that ripples during sleep hagelaamplitude and larger peagpple waves
compared to waking ripples, and that ripples on remembered trials have larger amplitudes. We
found that putative bursting pyramidal neurons anddpiting basket interneurons contribute to
ripple amplitudes, wie spiking by fasspiking neurons was associated with the pipgtie

wave. During search, ripple amplitude, which is larger for remembered trials, was associated
with spiking from norbursting puative pyramidal neurons. We hope this identification wiil

in narrowing the focus on these cell types that participate in the ripple to identify replay patterns
in macaques. We also hope this evidence can aid in targeting relevant cell types foratiamipul
with light-sensitive opsins that will allow for und¢anding their contribution to memory more

directly.

We did not determine the content of ripples based on surgteactivity. However, based
on changes we observed in ripple features with rereesaltrials, it is possible that underlying
spiking refle¢s the taskelevant replay of spiking activity associated with the task. In our task,
the animals were stationery and hdixéd, which rule out the involvement of place or head
direction cells irthis task. It is more likely that spiking contained withjpples in our task
reflects spatial view cell activity. These cells fire when the animals are looking at a particular
area in their visual field and has been hypothesized to aid primates irergprgshe location of
objects in spacfRolls et al. 1997; Rolls and Wirtl028). Decoding this activity in our task
would requirethe ability to record from a large numbersafigle units and matching spatial view
cells with their preferred fields by examining their spiking preferences as the animal searches the
scene. The sequential activity of multiple spatial view cells duringaslércould be the neuronal

activity that isreplayed during ripples and whose replay during waking ripples facilitates recall.
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Testing the causality that waking ripples facilitate recall in our task could be accomplished
through closedoop ripple interrption during recall. Testing the causaliyquiescent ripples in
consolidation could be accomplished through thetiesd decoding and interruption of only
ripples that contain spattaiew cell activity from earlier task periods while the subjects are

guiescent.

Longevity ofhippocampal represeations

Whether the hippocampus continues to serve as a neocorticafincieemories as they
get olderemainsunclearand is perhaps the most heatedly debated tenet of systems
consolidationIn onerodentstudy often useasphysiological support for the idea that remote
memory is hippocampudependent, CA1 ensembles were tagged during contextual and cued
fear conditioning Goshen et al. 2011Jwelve weeks later, memory was probed while tagged
cells were inhibited. Mice ithe inhibited goup displayed less freezing in the contextual but not
cued conditioning group leading the authors to conclude that remote merhgayasampus
dependentHowever at the remote testing probes, both control and inhibited groups showed
similar levels of meory decline (~30% reduction in freezing) making it unclear how much of
the recall impairment is due to forgetting and how much was due to ensemble inhibition.
Additionally, the impairments at remote time points wezlativelymodest compad to
inhibition inducedmpairmentsat recent time point§.his ambiguity also callnto question the
prevalent use of contextual fear conditioning in ensemble manipulation expermméctisuse
the rodent freezing response as an index of memory. Sundexwhichrelies on the absence
of behavioumakest challengingto generaliséindingsto other kinds of memorgndother

speciesWe observedo changes in hippocampal spectetivity between recent and remote
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memory, althoughve realise this is naonclusiveevidencehat the hippocampus plays no role

during remote recall.

The standardnodel ofsystems consolidation suggests that the hippocampal index does
not last long and that memory dependence shifts to the neo8dere et al. 2015)The
multiple trace model suggests that hippocampal traces are permanent and are ®oeeated
time a memory isetrieved(Sekeres, Winocur and Moscovitch 2018pntemporangevidence
does not support the idea that hippocampal traces are permanent, but rather that they are highly
transient and unstablEor example, longitudinal observations of neuronal ensembles show that
populations firing in the same environment measureadS3@days following initial exposure
represent an overlap e10% between sessionwith about ~20% maintaining selectivity for a
specific location across dayaiv et al. 2013; Rubin et al. 2015)hisdecreasén overlap is not
due to reduction ioverallactivity as equivalent numbers of cells participate in both eyvents
suggestig thatdespite repeated exposure to the same location in an enviromeadiet,
hippocampal representations greckly replacedSimilarly unstable ensembles have been
reported in CA1 and CA3 during rewalatation tasks in two distinct virtual reality
environmentgHainmueller and Baos 2018) Longitudinal examinations of dendritic spines in
the hippocampus show that they have considerably short lifespans of around 2AttaeHe et
al. 2015) Consistently, whin 2 weeks after contextualdeconditioning, the spine density of
DG tagged ensembles significantlyreducedmaking it unlikely that these cells become

reactivaté during retrieva(Kitamura et al. 2017)

Adult neurogenesis provides further evidence for the transience of hippocampal memory
representationsn rodents, n& neurons reach structural and functional maturity after 1 month

(Ge et al. 2007)while artificially increasingneurogenesiafter alearningexperiene impairs
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retrieval(Akers et al. 2014\When new granule cells are born in the DG, thexettg dendrites
and axons and form synapses with existing neurons pfbeess would naturally disrupt
previously existing inpubutput relationships the hippocampal circuit {G-CA3) which
would impede if not completely disrupt the reactivation of atier neural activity pattern
involved in a memory representation daenatural cues converging via entorhinal ingutedo
et al. 2006; Frankland at. 2013) While evidence of neurogenesis humanss controversial
(Eriksson et al. 1998; Boldrini et al. 2018; Sorrells et al. 20\83ience showa yearly
exchange rate of 1.75% bippocampatells(Spalding et al. 2013Yhese converging lines of
evidence makes it difficult to envisage how hippocampal memapmesentationsould remain

stable over time.

In summary, theurrentdissertatiorprovides evidencefor preferential recruitment of
neocorticalareasduring recall offemote episoditike memory It also provides evidence for
enhancedhippocampaheocortical communication during recall of recent memory. Although
this evidence could be interpreted to suppuetstandardhodel ofsystems consolidatiome
recognize thaburfindings arecorrelational andhot causalWithout additional gperiments
tesing causality by inhibiting activityr synchronyit is not possible toanclude dependence of
remote memory on neocortical aressndependence from the hippocampt¥e h@e this work
- which characterizefor thefirst-time the spectraresponsesf multiple brainareas during a
remote memory task in primates used as a steppingstone upon which causality testing

experiments can be conducted in the future.
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1 | INTRODUCTION

Abstract

Sharp-wave ripples (SWRs) are spontaneous, synchronized neural population events in the hippo-
campus widely thought to play a role in memory consolidation and retrieval. They occur predomi-
nantly in sleep and quiet immobility, and in primates, they also appear during active visual
exploration. Typical measures of SWRs in behaving rats include changes in the rate of occurrence,
or in the incidence of specific neural ensemble activity contained within the categorical SWR
event. Much less is known about the relevance of spatiotemporal SWR features, though they may
index underlying activity of specific cell types including ensemble-specific internally generated
sequences. Furthermore, changes in SWR features during active exploratory states are unknown.
In this study, we recorded hippocampal local-field potentials and single-units during periods of
quiescence and as macaques performed a memory-guided visual search task. We observed that
(a) ripples during quiescence have greater amplitudes and larger postripple waves (PRW) com-
pared to those in task epochs, and (b) during “remembered” trials, ripples have larger amplitudes
than during “forgotten” trials, with no change in duration or PRWSs. We further found that spiking
activity influences SWR features as a function of cell type and ripple timing. As expected, larger
ripple amplitudes were associated with putative pyramidal or putative basket interneuron
(IN) activity, even when the spikes in question exceed the duration of the ripple. In contrast, the
PRW was attenuated with activity from low firing rate cells and enhanced with activity from high
firing rate cells, with putative IN spikes during ripples leading to the most prominent PRW peaks.
The selective changes in SWR features as a function of time window, cell type, and cognitive/vigi-
lance states suggest that this mesoscopic field event can offer additional information about the
local network and animal's state than would be appreciated from SWR event rates alone.
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bursting, electrophysiology, hippocampus, local field potential, memory, nonhuman primate

frequently during waking, where they appear to be important for

memory-based decision-making (Jadhav, Kemere, German, & Frank,

The sharp-wave ripple (SWR) is a highly synchronized neural popula-
tion event in the hippocampus that is widely thought to support mem-
ory. Ripples are typically detected in the hippocampal local field
potential (LFP) arising from synaptic and spiking activity in local neu-
ronal populations (Buzsaki, 2015; Schomburg, Anastassiou, Buzsaki, &
Koch, 2012). Ripples occur most frequently during non-REM sleep,
where they are important for memory consolidation (Ego-Stengel &
Wilson, 2010; Girardeau, Benchenane, Wiener, Buzsaki, & Zugaro,
2009; Nokia, Mikkonen, Penttonen, & Wikgren, 2012), and less

2012; Leonard & Hoffman, 2017; Wu, Haggerty, Kemere, & Ji, 2017).
During ripples, firing sequences observed during earlier waking
periods are replayed among local populations within the hippocampus
(Csicsvari, O'Neill, Allen, & Senior, 2007; Diba & Buzsaki, 2007;
Foster & Wilson, 2006; Ji & Wilson, 2007; Lee & Wilson, 2002;
Nadasdy, Hirase, Czurko, Csicsvari, & Buzsaki, 1999), and at distant
neocortical (Ji & Wilson, 2007; Peyrache, Khamassi, Benchenane,
Wiener, & Battaglia, 2009; Qin, McNaughton, Skaggs, & Barnes,
1997) and subcortical (Gomperts, Kloosterman, & Wilson, 2015;
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Pennartz et al., 2004) sites. This “replay” phenomenon is thought to
involve the synaptic modifications of relevant neural ensembles, support-
ing theories about the role of ripples in memory consolidation (Buzsaki,
2015; Carr, Jadhav, & Frank, 2011; Girardeau & Zugaro, 2011; Roumis &
Frank, 2015; Sadowski, Jones, & Mellor, 2011). When ripples are dis-
rupted, memory is impaired, suggesting a causal role for the neural activity
occurring during ripples in memory formation (Ego-Stengel & Wilson,
2010; Girardeau et al., 2009; Jadhav et al., 2012; Nokia et al.,, 2012).

Because the ripple mean field potential (or ripple-LFP) arises from
the synchronous activity of neuronal ensembles thought to be critical
for memory formation, it is important to understand how the activity
of local cell populations shapes the ripple-LFP. Following a ripple, a
brief period of hyperpolarization ensues where spikes are suppressed
(English et al., 2014; Hulse, Moreaux, Lubenov, & Siapas, 2016). This
period, which is observed in the ripple-LFP as a positive polarity
deflection (or postripple wave, PRW), may be additionally valuable in
decoding local circuit activity immediately prior to and during the rip-
ple. In general, neuronal firing rate and/or phase-locked firing are
associated with high frequency (>50 Hz) LFP (Anastassiou, Perin,
Buzsaki, Markram, & Koch, 2015; Belluscio, Mizuseki, Schmidt, Kempter, &
Buzsaki, 2012; Montefusco-Siegmund, Leonard, & Hoffman, 2017;
Ray, Crone, Niebur, Franaszczuk, & Hsiao, 2008; Scheffer-Teixeira,
Belchior, Leao, Ribeiro, & Tort, 2013). More specifically, the spatio-
temporal features of the ripple-LFP can vary according to the specific
neural ensembles active during the ripple. This relationship has been
used to decode replay spiking content based on the similarity of ripple
features alone (Taxidis, Anastassiou, Diba, & Koch, 2015).

The relationship between spiking activity and ripple features
becomes more complicated when considering different vigilance
states and corresponding changes in neuromodulatory tone (Atherton,
Dupret, & Mellor, 2015). Despite numerous reports measuring ripple
occurrence, few studies have investigated how ripple-LFP features
vary with learning. In one study, ripple amplitude was observed to be
greater during sleep when followed by learning (Eschenko, Ramadan,
Molle, Born, & Sara, 2008). Sharp-wave amplitude during sleep has
also been shown to be greater than in waking (Buzsaki, 2015; O'Neill,
Senior, & Csicsvari, 2006). Other investigations into the variance in
ripple amplitude found a positive correlation with spiking activity of a
cell class in the cingulate cortex, suggesting that ripple-LFP features
can predict spiking activity not only locally in the hippocampus but
also even in distal neocortical areas (Wang & lkemoto, 2016).

Characterization of cell-type specific firing during ripples and their
relation to SWR features is especially lacking in behaving primates
where ripple physiology seems to be generally complementary to that
observed in rats and mice (Bragin et al., 1999; Skaggs et al., 2007; Le
Van Quyen et al., 2008, Logothetis et al., 2012; Leonard et al., 2015;
Leonard & Hoffman, 2017). Despite the many similarities, a key differ-
ence is that ripples occur not only during awake immobility in pri-
mates but also during active visual exploration (Leonard et al., 2015;
Leonard & Hoffman, 2017). To date, the only features measured dur-
ing exploratory SWRs were their rate of occurrence and peak fre-
quency, which did not differ by state.

In this study, we examined how three ripple-LFP features vary
across waking states and as a function of learning, in addition to their

modulation by spiking activity (single-unit activity, SUA). We found

that ripple and PRW amplitude in macaques are greater during quies-
cence than waking and that on remembered trials in a visual-search
memory task, ripple amplitude is increased, with no change to dura-
tion or PRWs. We also describe the SWR modulation by cell types,
classified by burstiness and firing rate, finding that low-firing rate cells
(putative principal cells) are associated with enhanced ripple amplitude
and attenuated postripple amplitude, whereas high-firing bursting and
nonbursting cell types (putative basket interneurons) are associated
with enhanced ripple and PRW amplitudes.

2 | MATERIALS AND METHODS

2.1 | Subjects and experimental design

Two adult female macaques (Macaca mulatta, named LU and LE) com-
pleted a visual target-detection task that requires hippocampal func-
tion in primates (Chau, Murphy, Rosenbaum, Ryan, & Hoffman, 2011),
during daily recording sessions (this data set was used in Leonard
et al. (2015) and Leonard and Hoffman (2017). The flicker change-
detection task [previously described in Leonard et al. (2015) and Leon-
ard and Hoffman (2017)] required the animals to find and select a tar-
get object from nontargets in unique visual scenes for fluid reward
(Figure 1a). Selection of a scene-unique target object was accom-
plished by holding gaze in the target region for a prolonged (2800 ms)
duration. The target object was defined as a changing item in a natural
scene image, where the original and changed images were presented
in alternation, each lasting 500 ms, with a brief grey-screen (50 ms)
shown between image presentations. Displayed this way, detection of
the changing part of the scene requires an effortful search in humans
and macaques (Chau et al., 2011). An inter-trial interval (ITl) of 2-20 s
followed each trial. The daily sessions began and ended with a period
of at least 10 min when no stimulus was presented within the dark-
ened booth and animals were allowed to sleep or sit quietly (quiescent
period). Eye movements were recorded using video-based eye track-
ing (iViewX Hi-Speed Primate remote infrared eye tracker). All experi-
mental protocols were conducted with approval from the local ethics
and animal care authorities (Animal Care Committee, Canadian Coun-

cil on Animal Care).

2.2 | Electrophysiological recordings

Both animals were chronically implanted with independently move-
able platinum/tungsten multicore tetrodes (96 pm outer diameter;
Thomas Recordings) lowered into hippocampal CA3/DG regions. Ani-
mal LE had a 9-tetrode bundle centered at AP +11 mm verified post-
implant with MRI. For this study we analyzed activity from the 4/9
tetrodes placed to optimize ripple and unit responses; these tetrodes
were separated by <600 pm in the bundle. Animal LU had 8 tetrodes
divided into two bundles: one at AP +11 mm and the other at AP
+8 mm verified with postoperative CT co-registration to MRI. Based
on ripple and unit activity we analyzed 3 tetrodes from each bundle,
with separation <500 pum in the bundles). LFPs were digitally sampled
at 32 kHz using a Digital Lynx acquisition system (Neuralynx) and fil-
tered between 0.5 Hz and 2 kHz. Single-unit activity was sampled at
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FIGURE1 Experimental design of memory-guided visual search task and signal processing. (a) An original and modified scene is presented in
alternation, interleaved with a brief grey mask, requiring an effortful search to detect the changing target. A trial ends with a 0.8 s fixation on the
target for which a fluid reward is delivered (HIT), or when the maximum trial time is reached (MISS). A “giveaway” then follows in which the two
scenes are displayed without a mask, revealing the target location. A trial ends with a black screen inter-trial-interval (ITl) of 2-22 s before the
next trial is presented. During daily recording sessions, scenes are presented in blocks of 30 and the task is bookended with two rest periods
(quiescence; 210 min) where a black screen is presented and animals sleep. See Materials and Methods for more details. (b) The broadband LFP
signal is bandpass filtered in the ripple band (100-250 Hz), z-scored, rectified and then low pass filtered (1-40 Hz) to create the ripple envelope
whose maximum value represents the ripple amplitude. The PRW envelope is a low pass filter (1-5 Hz) of the broadband signal and its peak
represents the PRW amplitude [Color figure can be viewed at wileyonlinelibrary.com]

32 kHz and filtered between 600 Hz and 6 kHz, recording the wave-
form for 1 ms around a threshold triggered spike events. Single units
were isolated using MClust based on wave-shape principle compo-
nents, energy and peak/valley across channels. Only well-isolated cells
were included, based on <1% interspike intervals (ISls) within 2 ms
and cross-correlograms between bursting cell pairs that had to be free
of burst-latency peaks (asymmetric, <10 ms peak that could indicate
the erroneous splitting of one CS unit into two; Harris, Henze, Csics-
vari, Hirase, & Buzsaki, 2000). Units were classified as putative princi-
pal units (PR) if they had a burst firing mode (ISI mode peak, <10 ms,
comprising 210% of ISIs) and under <1 Hz overall firing rate. Units
were classified as putative interneurons (IN) if they had no burst firing
mode (>10 ms ISI) and a firing rate >1 Hz. The remaining two possible
categories were the burst firing mode with >1 Hz firing rate (BHF),
and nonburst firing mode with <1 Hz spiking rate (NBLF). Waveshape
parameters such as spike width and peak-trough asymmetry can vary
as a function of recording location relative to the cell body and not
only by cell type (Henze et al., 2000, figure 8), therefore these wave-
shape measures were not used for cell type classification in this study.

2.3 | SWR detection and feature estimation

SWR events were detected using the tetrode channel with the most
visibly apparent ripple activity. The LFP signal was bandpass filtered
(100-250 Hz), transformed into z-scores, rectified and then low pass
filtered (1-40 Hz). Ripple events were defined as threshold crossings
3 SDs above the mean, with a minimum duration of 50 ms beginning
and ending at 1 SD. This time period also defined the ripple duration.
SWR amplitude was defined as the maximum peak of the ripple enve-
lope (z-score). The amplitude of the PRW was defined as the maxi-
mum peak (z-score) of a narrower lowpass filter (1-5 Hz, Figure 1b).
SWR amplitude, duration and PRW amplitude values were then nor-
malized per tetrode for each animal. The use of the z transformation
preserved the shape of the distributions (i.e., the relative magnitude
differences from the mean) that would be lost with percentile/rank

order, while ensuring an even scaling across tetrodes in case of overall

differences in ripple amplitude. Each feature of the SWR (ripple dura-
tion, amplitude, and PRW amplitude) was then compared across dif-

ferent states and task epochs.

24 | SWR features across behavioral epochs

SWRs were clustered depending on time of occurrence into three
behavioral epochs; quiescence (10 min dark-booth time period at the
beginning and end of every session, gSWR), ITl (2-22 s interval
between scene presentations representing quiet waking “inactive”
states, iSWR), and exploratory search (during “active” visual search,
eSWR). We excluded search ripples that occurred while the monkey
fixated off-screen, and during search trials where the monkey spent
>40% of trial time fixating off-screen. Task SWRs were further clus-
tered by stimulus repetition into novel (scene repetition number = 0)
and repeated trials (scene repetition number > 0), and repeated trial
ripples were further clustered into ripples occurring during trials
where the target was successfully found (HIT), and when the target
was not (MISS).

2.5 | Statistical analysis

Ripple features across waking state and task epochs were compared
using the Wilcoxon rank-sum test and the Kolmogorov-Smirnov (K-S)
test. For the single-unit and ripple-LFP waveform analysis, a Kruskal-
Wallis test was conducted with a Bonferroni correction for multiple

comparisons.

3 | RESULTS

Based on SWR clustering described above, we detected 2,526 qSWRs
(LU = 1866, LE = 660), 536 iSWRs (LU =340, LE = 196), and
664 eSWRs (LU = 462, LE = 202) from a total of 77 recording ses-

sions (LU = 45, LE = 32). Based on unit clustering described earlier,
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we recorded from a total of 509 units: 242 PRs, 133 NBLFs, 48 BHFs
and 86 INs.

3.1 | SWR features across states

We first examined SWR duration, amplitude and PRW amplitude
across the different states (QSWR, iSWR, and eSWR; Figure 2). SWR
duration was not different across states (rank sum and K-S test p > .5;
Figure 2a), whereas ripple amplitude was greater during gSWRs com-
pared to eSWRs (rank sum z = 2.48, p = 1.31 x 1072 K-S d = 8.0 x
1072, p = 8.4 x 1073, Figure 2b), and PRW amplitude was greater in
qSWRs compared to iSWRs (rank sum: z = 2.79, p = 5.30 x 1073, K-S
d=70 x 1072 p=23 x 107%) and eSWRs (rank-sum: z = 3.33,
p=863x10"%K-Sd=9.1x%x1072 p = 2.0x 1073, Figure 2c).

3.2 | SWR features during recognition memory task

Previously, we found that ripples occur more frequently and closer to
a visual target with learning (Leonard & Hoffman, 2017). We therefore
asked whether ripples that occur on repeated trials are different in
duration or amplitude. First, we examined whether features vary by
scene repetition by splitting ripples into novel (repetitions = 0) and
repeated (repetitions >0), but found no differences in ripple duration,
amplitude, or PRW amplitude between novel and repeated trials (rank
sum and K-S tests p > .05). Next, we split repeated trials into trials
where the target was successfully found (indicating memory for the
target location), and not found (indicating forgetting). Ripple duration
(Figure 3a) and PRW amplitude (Figure 3c) were not different
between remembered and forgotten trials (rank sum and K-S tests
p >.5). During remembered trials (n = 112) ripple amplitude was
larger than forgotten trials (n = 220) (rank sum z = 2.11, p = 3.5 x
1072 K-S test d = 0.16, p = 3.6 x 1072 Figure 3b). Because we had

observed a greater ripple amplitude during quiescence compared to
search, we compared ripple amplitude on remembered trials and qui-
escence but found no difference (rank sum: z = 0.59, p = .55, K-S
d=8.5x1072p = .41).

3.3 | SUA analysis

Next, we examined local cell-type specific firing underlying ripples.
Spikes occurring in a 400 ms time window centered around the peak
of the ripple envelope were clustered based on spike-timing relative
to the ripple event. Spikes were clustered into preripple, if they
occurred before the ripple, ripple; if they occurred during the ripple or
postripple; if they occurred after the ripple (during the PRW). For each
functional-unit type, the average ripple-LFP waveform was calculated
based on the window of spike-times aligned to ripple peak (Figure 4).
Also calculated for each unit is the average ripple waveform where no
spikes were observed (Null), and below each waveform plot is the nor-
malized spike count distribution for each unit class in the ripple win-

dow clustered by spike-timing (preripple, ripple, and postripple).

3.4 | SUA effects on ripple trough

We observed different effects on the magnitude of the ripple trough
(defined as nearest trough to ripple peak) based on spike-time occur-
rence for PR (Figure 4a, H[3] = 78.65, p = 5.99 x 10~'7), NBLF
(Figure 4b, H[3] = 141.10, p=2.2 x 10729, IN (Figure 4d, H
[3] = 360.89, p = 6.53 x 1077®), but not BHF cells (Figure 4c, H
[3] = 5.19, p = .16). In PR cells, spiking in any of the time windows
(preripple, ripple, or postripple) was associated with a larger trough
compared to no spikes (p < .05, Bonferroni post hoc test; mean LE-
PR-ripple = =1.79z, LE-PR-null = —=1.59, LU-PR-ripple = —2.74z, LU-
PR-null = —=1.58z). In NBLF cells, spiking in the ripple window was
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FIGURE 2 Ripple and PRW amplitudes are greater during gSWRs than iSWRs and eSWRs. Top: cumulative probability distribution. Blackline
connecting dots in the top left inset of top panels indicates p < .05 between groups, as represented by dot color. Bottom: boxplots of
corresponding distributions above with median values for each animal plotted in orange (for LU) and purple (for LE) crosses, for SWR duration (a),
amplitude (b) and PRW amplitude (c) across gSWRs (n = 2,526), iSWRs (n = 536), and eSWRs (n = 495) [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 3 SWR amplitude, but not duration or PRW amplitude, is greater during remembered trials during the goal-directed visual search. Top:
cumulative probability distribution. Blackline connecting dots in the top left inset of top panels indicates p < .05 between groups, as represented
by dot color. Bottom: boxplots of corresponding distributions above. Median values for each animal are plotted in orange (LU) and purple

(LE) crosses for SWR duration (a), amplitude (b), and PRW amplitude (c) during remembered (n = 220) and forgotten (n = 112) trials [Color figure
can be viewed at wileyonlinelibrary.com)
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FIGURE 4 Ripple waveform varies by cell-type activity and spike timing relative to the SWR event. (A) Top: mean + 95% confidence intervals of
broadband SWRs grouped by putative principal cells' spike-timing into preripple, ripple, PRW, and null. Blackline connecting dots in the lower left
inset of top panel indicates p < .05 between groups, as represented by dot color, for respective ripple feature. Bottom: probability density
histogram of spike counts in a -+ 200 ms window centered around the maximum ripple amplitude for putative principal units. The ripple window
membership (pre, ripple, post) is indicated by the color of the histogram bar. (b) as in (a) but for nonbursting low-firing rate units; (c) for bursting
high-firing rate, and (d) for putative interneuron units [Color figure can be viewed at wileyonlinelibrary.com]
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