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Abstract

Perineuronal nets (PNNSs) are organized components of the extracellular matrix that surround
mature neurons of the central nervaystem (CN$ These structures have neuroprotective
properties fohost cellsprovide structural and functional stabilignd havdeenimplicated in

brain functions such as learning and memory. This is particularly relevant given that the loss of
PNNsisobserved in diseases of the CNS, such as
also feature cognitive impairme@iven these olgsvations, there igreatinterestinto

identifying animal models of disease which feature similar PNN deficits as the human condition,

as they could be utilized to further evaluate the significance of their loss.

In my first experiment, | evaluatl PNN eficits in the 5XxFAD mouse model of
Al z hei me rThis model featueeamyloid-b deposition, neuroinflammatiooell loss
andcognitive impairments in tesbf memory.l show that7- and 1tmonthold animalshave
PNN deficitsin three of five brain regions examined, including the primary motor cortex, CAl
of the hippocampus, and retrosplenial corteaso present data showing tfifatnonth-old
animals havanimpairment in memoryunction A strength of this work is its evaluanh of
PNN integrity across numerous brain regiomgereas a focus on a single regioa ignitation
of other studies in this field. Together, our findings and others indicate that the 5xFAD model

exhibits PNN deficitsand support is use in evaluating tmechanisms of PNN loss in AD.

In my second experiment, | address a limitation of PNN studies in animal models of
disease, which is the presence of the confounding factors of disease pathophysiology. Joint
observations of PNN deficits adgnitive impairment in these models cannot provide causative
evidence that PNN loss contributes to these impairments. ifhilngs studyl sought to degrade
PNNs locally within the medial prefrontal cortex of rai®valuate the impact on cognitive
function. My results show that PNN degradation within the mPFC results in impaimmisva
tests of working memory. PNN degradation however did not infpet@vioural flexibility or
sensorimotor gating, artle integrity of PV+ interneurons or local inhibyaronnectivitywas
unaltered These results demonstrate that outside of the confounds of disease models, localized

disruption of PNNs within the medial prefrontal cortex can impact cognitive function.



Finally, | evaluate the impact of PNN degradationhia medial prefrontal cortex and
retrosplenial cortex of micen four behavioural assessments designeastessnemory
function. To degrade PNNSs, | utilized a viral vector system called-@xABC which
expressed ChABC under the control of a dietarygergThis design enabled behavioural
assessments at baseline, after 30 days of ChABC expression, and a subsequent 30 days after the
trigger for ChABC had been withdrawn. My results indicate that PNN degradation at either site
had minimal impact on cognigperformance. In animals with PNN degradation in the RSC,
there wasubtle impairments in performance on the crossmodal object recognition task and a
loss of PV+ interneuronslthough these animals also exhibited changes in exploratory
behaviour which cald have impacted their performantealso evaluate the impact of PNN
degradatioron cortical activity patterns using wide field calcium imaging. PNN degradatfion le
cortical activity and connectivity largely unaltered, although there were decreases in the power of
low frequency activity within the RST.ogether, these experiments shimat PNN degradation

in the RSC of mice has subtle impacts on cognition and cloatitiaity.

In summary, my worlshows PNN deficits im prominent animal model of AD and
shows that it may be useful in further evaluations into PNN deficits and AD. | show mixed
evidence of PNNSs involvement in several tests of cognitive function, whiwds by the region
affected and animal speciéglemonstrate that PNN loss does not levenmediate effect on
the integrity of closely associated PV+ cells, but that prolonged degradatid?Ndsn.
degradation alsdecreasethe power of low frequencyctivity generated from the RSC. These
works offer added description to the impacts of PNN degradation on cognition, PV+
interneurons, and broader patterns of cellular activity. Thedmgsare particularly relevarior
di seases s uch sahizopirénahwhichiieaturedbsth RNN dbss and cognitive

impairment
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Chapter 1. An introduction to perineuronal nets, their structure and function, and the
consequences of their loss in diseases of the centratvous system such as schizophrenia

and Al zhei mer 6s



1.1 Perineuronal Nets

Perineuronal nets (PNNs) are complesticularassemblies that surround mature neurons of the

central nervous system (CNS). Their discovery dates to some of the very first advances in the
identification of neurons by Camillo Golgi aR&moén y Cajain 1983 Golgi first identified

them, where he desbad the presence ofanraone ur o n a | 0 c or soertagdetithte ne ur o k
covering, mainly reticular in structiré which surrounds the cell body of nerve cg({&olgi,

1893 1898. However Cajal disagreed, arguing that they were simply a staining artifact and

givenhis powerful influence in the field of neuroanatonmterest itio these structures waned.

More than a centurkater we now know that PNNs are critical structures in
neurodevelopmenthey support and protect mature neurons of the CNS, they restrict neuronal
plasticity, and they contribute to behavioural outputs of the LPANINs are a part of the broader
extracdular matrix (ECM), which comprises approximately 20% of the brains total volume and
includes the interstitiahatrix, which is loosely distributed throughout the parenchyimabasal
lamina, PNNs, and perinodal matrices at noddRanfvier(Dityatev et al., 2010; Fawcett et al.,
2019; Nicholson & Sykova, 1998; Rauch, 200&nong these’NNs are the mosirganized
presentation. They surround the cell body, dendrites, and axon initial segments of the neurons
that host themSynaptic inputs intended for neuraigrounded by theseatrices ar¢hought to
penetrate the net, which provides structural support for their connection and creates a permissive
site for transmissiofSigal et al., 2019; Tsien, 201FNNs are present in almost all mammalian
CNS tissues, although they can vary significantly in the neuronal types they surround, their
distribution, and compositn (Galtrey et al., 2008; Hendry et al., 1988; Jager et al., 2013; Lupori
et al., 2023; Seeger et al., 199#) the brain, PNNs are most often found surrounding inhibitory

interneurons, whereas in the spinal cord, many motor neurons wahiral and intermediate



hornspossess thenin the neocortex, PNNs are most freqbeabserved surrounding
parvalbuminpositive (PV+) inhibitory interneurons, although they have been identified sparsely
surrounding some pyramidal ce{iatthews et al., 2002)n some areas of the brain, up/@o

of PV+ interneuronso-localize withwisteria floribunda agglutinifWFA) labelled PNNsthe

most common immunohistochemical stasged to identify thenfLupori et al., 2023)Over the

last several decades, PNNs haveghinei nhcr easi ng appreciation for
synapse6 which also includes astrocytes and t
elements of chemical synapses within the GNByatev et al., 2006; Dityatev & Rusakov,

2011; Song & Dityatev, 2018)

1.2 Structure of PNNs

The primary components of PNNs incluggaluronanchondroitin sulfate proteoglycans
(CSPGSs), link proteins, and tenasoj@arulli & Verhaagen, 2021; Kwok et al., 2010;
Yamaguchi, 2000)Hyaluronan is the backbone of PNN structure and the foundation ugoh w
othe components assemble. It is synthesized by hyaluronan synthase, aplasrbeane

bound enzyme primarily expressed in neur@nging synthesis, hyaluronan can be bound to the
membrane of a cell byyaluronan synthasehichis thoughtbe the mechanism by which PNNs
are anchored to host ce{lswok et al., 2010)Consistent with its foundational role in PNNs,
degradation of hyaluronan with hyaluronidase completely disrupts PDiépa et al., 2006;
Happel et al., 2014; Sun et al., 2018}ile hyaluronan serves the backbone of PNN structure,
CSPGs arg¢heprimary constituent that condense around this scaf@BPGs found in PNNs are
members of the letican family of proteoglycans, including aggrecan, versican, neurocan,
phosphocarand brevican. Aong these, aggrecan appears consistently in nearly all PNNs,

while the othelCSPGsare present in varying degrees based on the cell type of the host and



region examinedDauth et al., 2016; Miyata et al., 2018; Zimmermann & D&linsmermann,
2008) CSPGs consist of a core protein and varying numbers of choneoitate
glycosaminoglycan chain€&GAG) attached to the core protel®S-GAG chains are
comprised of disaccharide units of glucuronic acid aratstylgalactosamine. Both-N
acetylgalactosamine and glucuronic acid can be sulfated at various positions, which can impact
their function.Thisis notable when comparing the unique functions of PNNs relative to the
broader interstitial matrias they exhibit differently sulfated CS chains which confer them with
differing functions(Deepa et al., 20067 he most widely utilized marker for PNN detectioith
immunostainingWFA, binds to an unknown sulfation motif within €8AG chains However,
not dl PNNs are labelled with WFA, likely due togBignificant heterogeneity in sulfation
patterngdMatthews et al., 2002Numerous growtimodulating molecules also bind to GAG
chains, such as neurotrophins, semaphorinr8@ljn,and the transcription factorthodenticle
homeobox ZO0TX2; (Beurdeley et al., 2012; Dick et al., 2013; Lensj@l, 2017; Margez
Cerdefio & Clasca, 2002; Pesold et al., 1988¢restingly, the sulfation patterns of GAG
chains also differ throughout development. Chondrditsulfate(C6S)is most prominent
during development arftasgrowth-promotingpropertes whereashondroitin4-sulfate(C4S)
upregulates throughout the lifespamd hagyrowth-inhibiting propertiegFoscarin et al., 2017,
Kitagawa et al., 1997; Miyata et al., 2018; Wang et al., 2008 additional components of
PNNSs, link proteingnd tenascins, facilitate binding of CSRG@#$yaluronan and to other
CSPGs, respectivelKwok et al., 2015; Oohashi et alQI5). Genetic knockouts of either
tenascins or link proteins has been shown to impair PNN formation and can elicit similar
plasticity-enhancing propertiasithin neurons and larger cortical netwo(Bekku et al., 2012;

Briickner et al., 2000; Carulli et al., 2010; Weber et al., 1998)le these knockouts can impair



PNN formation, total CSPG levels in the brain ty@cally unchanged, demonstrating their
uniquecontributon to the assembly of PNN@/hile the cellular origins of the components for
PNN formation are not completely described, they are thought to be generated primarily by
neurons and glia. Glial cells have been shown to produce hyaluronan, tenascins, rahd seve
CSPGs while neurons have primarily been shown to produce CSPGs such as aggrecan,
phosphocan, and brevicfirander et al., 1998; Miyata et al., 2005; Seidenbecher et al.,.2002)
However, PNNs have been shown to assemble even without the presence of gliatraalighal
in atypical presentatiosuggesting they are capable of synthesizing all PNN components

(Dityatev et al., 2007; Frischknecht et al., 2009; John et al., 2006; Miyata et al., 2005)

1.3 PNN Formatin

Diversity among the components of PNNs confers teth dramatically differing functional
roles as an assembled structure. This is readily demonstrated throughout develdpnent
PNNs exhibit significant growth and change during the-pasdl lifes@n.During early
embryonic development PNNs daggelyabsent butheir componentsuch as hyaluronan and
neurocarare readily detectable in the CNlgilev et al., 1998)Neurocaris primarily expressed
early in developmerdandserves asanaxonal guidance cue for the developing nervous system
(Miller et al., 1995; Pearlman & Sheppard, 19@)ring the postnatal lifespanthe

upregulation of link proteins seenusinitiate the congregatioof PNN components into a
structured assemblarulli et al., 20062007). In cells that do not typically produce
pericellular hyaluronan, overexpressing hyaluronan synthase 3 causes them to secrete hyaluronan
(Kwok et al., 2010)If these cells are also able to secoatgilage link protein 1¢trl1) and
aggrecan, they will organically condense into a compaiit-like matrix. This role for link

protens appears to be tailored specifically towards PNN formation, as animals lacking Ctrll



have attenuated PNN formation, but levels of CSGPs within the brain are still $Daitatli et

al., 2010) Unique isoforms of link proteins also appear to be suited to binding specific CSPGs to
PNNs. In animals lackinBral2, the presence of brevican is significantly reduced in PNNs, but
aggrecan is unalteré8ekku et al., 2012By contrast, Ctrl1 appears to primarily bind aggrecan
and versican to hyalurongBinette et al., 1994; S. Shi et al., 2004; Shibata et al., 2G@8etic
knockout studies have also demonstrateddbatponents such as aggrecan are not only required
for PNN formation, bualsomaintenance. In animals lackidgan a gene encoding for

aggrecan, animals display brainde disruption of PNN formatio(Rowlands et al., 2018)

Notably, acute knockout of\canwithin thevisual cortex of mature mice also disrupts the
accumulation of CSPGs and link proteintitheir structuresupporting the suggestion of a role

in ongoing PNN maintenance

The developmental trajectories of PNNs have been desgibedrily based on rodent studies.
In themousebrainstem PNNs are first apparent between postnatal day (PND) 7 and 14. In
subcortical structures and cortical areas they are identifiable by PND 14 and PND 21,
respectivelyBrickner et al., 2000; Nakagawa et al., 1987; Ueno et al., ZDA&)most
significant increase in PNN markesss generallpbservedetween PND 21 and 40 one
characterization of mouse PNN developm@itickner et al., 2000However, other studies
have demonstrated that these trajectories can differ vastly by régioexample, RNs in the
somatosensory cortex of miB&INssee the most significant growth between PNQa128,
whereas in the gdial prefrontal cortex (mPFEpntinued growth is observed until PNiB
(Lipachev et al., 2019; Ueno et al., 201@)rats, our lab has previously shown steady increases
in PNN growth in the mPFC until PND gPaylor et al., 2016)0bservations from human pest

mortem studies mhicate that PNNs in the mPFC are faintly detectable as early as 54 days of age



(Mauney et al.2013; Rogers et al., 201&Jowever, more typical presentations were not
apparent until 2 years of age in the mPFC or hippocampus, and these steadily increased until 8
years of ageTheformation of PNNs appears to be an acthdgpendent procesSuppression of
neuronal activity with tetrodotoxin inhibits PNN formatifiReimers et al., 2007%5imilarly, in
animal studies utilizing sensory deprivation such as dark rewimch restricts the necessary
light stimuli for early maturation of the visual cort&\IN formaton isdiminished(Pizzorusso

et al., 2002)Whisker trimming and auditory deprivation have similar effects on PNN formation
in the somatosensory and auditory cortices, respeciiviiRae et al., 2007; Reinhard et al.,
2019; Ueno et al., 2017y his activity-dependent formation of PNNSs is integral to their
involvement in the closure af 0 ¢ aritidal@etioda of plasticitg. This process was

described in the context of the visual cortex in seminal work by Pizzorusso et al. (2002). In
response to light, the visual cortex undergoes dramatic reorganization of its cortical neurons
whichresults in the fanation of ocular dominance columnshich preferentially respond to

input from the left or right eydark rearing, by which sensory input to one eye is deprived,
results in ocular dominance columns with a heavy skew in their response towards the eye
receving input. However, fier maturatiorof the visual cortexgark rearingno longer impacts

the stability of ocular dominance columBPHNs were considered as one possible mechanism for
this resiliency to dark rearing during maturity, as their formationadées with the closure of

this critical period of plasticityThis was readily demonstrated in additional experiments
showing that degradation of PNNs in the mature visual cortex with chondroitinase ABC
(ChABC), a commonly used enzyme ftegrading CS5AG chains within PNNscan revert

ocular dominance columns to a more plastic stétieh aresensitiveto sensory deprivatian

Sincethis discovernsimilar relationships between PNNs and critical periods of plasticity have



been demonstrated for fear memories in the amygdala and sensory processing in the barrel cortex
of rodents, as well as vocal learning in the auditory nuclei of songl@ediser et al., 2009;
Cornez et al., 2020; Cornez, Collignon, et al., 2020; Gogold., 2009; Nowicka et al., 2009)
Recent work has also described a critical period for episodic memory encoding within CA1 of
the hippocampu@Ramsaran et al., 2023nportantly, genetic knockout studies specifically
targeted PNN @mponents such as tenas&lror aggrecan also show similar effects of persistent
ocular dominancelasticity (Bekku et al., 2012; Carulli et al., 2010; Rowlandalget2018)

Given that total CSPG levels within the brain are similar despite diminished PNN formation in
these animals, it suggests that PidNecifically play a role in the closure of critical periods of
plasticity. Together, the studies described here demonstrate that [(#&jNs criticalrole in the
developmentally regulatedaturation oboth primary sensory areas as well as regions of the
brain associated with more complex functions, such as fear and ménay been suggested
that PNNs coul@évenplay similar roles in the maturation of more complex cognitiwmains

such aghe frontal cortex andxecutive control, althougbutativecritical periods for these have

yet to be defined.

1.4 Function of PNNs

The functions of PNNs have been most readily described by sthdiedestabilize PN&lor

utilize genetic knockouts of PNN component&xhibitthe consequences of their loBgstly,

PNNs and their components have a variety of direct interactions with other molecules and
cellular receptordDuring development, PNNs show numerous interactions that suggest an
involvement in synapse formation arateptor clusteringlhey facilitate synapse formation and
clustering of AMPA receptors through their interactions with pentraxins, which are secreted at

presynaptic terminals of synapgasgeting PNNsurroundedheurongChang et al., 2010; Lee et



al., 2017; Xu et al., 2003PNNs also interact with integringia which they can influence

dendritic spine motilitywhich is consistent with studies showing that enzymatic degradation of
PNNs can increase spine motil{ige Vivo et al., 2013; Majewska & Sur, 2003; Orlando et al.,
2012; Pizzorusso et al., 2008)ggrecarimmunoreactive puncta can be detected at extrasynaptic
sites on cell surfaces prior to synapse formation, indicating they may even play a role in pre
patterning neurons for synapse formatibmo et al., 2006)Some support for this could also be
drawn from studies showing that genetic knockouts of PNN components results in fewer
synapses formed onto PV+ interneurons, which typically express gPaVNzzi et al., 2017)

The binding of signaling molecules withPNNs structure is not restted to development either.

In mature synapses, CSPGs interact with AMPA receptors and potassium channels to restrict
their mobility and extra synaptic diffusigiravuzzi et al., 2017; Frischknecht et al., 2009)

this role PNNs affect synaptic depression by restricting the exchange of desensitized receptors
for naive ones during periods of hifflequency stimulation. Developed PNNs atbow

interactions with chemorepulsive axon guidance proteins such astsamma®A, which may
repulse impinging synaptic connections onto mature neldeng/inter et al., 2016; Orlando et

al., 2012) Reelin, which plays a role in NMDA receptor organization within synapses is also
integrated into PNNstructue (Campo et al., 2009; lafrati et al., 2014; Pesold et al., 1998)
addition to these molecular interactions PNNs play arortapt role in regulatingeuronal
physiology although this can vary significantly by region and cell typenerally PNN loss
appears to alter the balance of excitation and inhibition by reducing inhibitory affifritgert

& Sorg, 2021) This is supported by studies showing that enzymatic degradationNsf &dxh

reduce inhibitory activity and revert affected networks to a more juvenile state of

electrophysiological activityChristensen et al., 202llensjget al., 2017)Other common
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observations within PV+ cells after PNN degradation are decreased firingreatiesed firing
thresholds, andhcreased firing variabilityBalmer, 2016; Dityatev et al., 2007; Hayani et al.,
2018;Liu et al., 2023; Wingert & Sorg, 202BNN degradation has also been shown to impact
synaptic physiologwlthough often with contrasting effecBNN disruption within the visual
cortex or perirhinal cortex can enhance kiagn depression (LTD) but impairs eagihase LTP
and LTD in CA1 of the hippocampyBukalo et al., 2007; Romberg et al., 2013)P within the
visual cortex is also enhanced by ChABC administraiilenVivo et al., 2013)Even within

regions such as the hippocampus, PNyrddation can have differing consequences. Pyramidal
cells within CA2 of the hippocampus show a loss of LTP after PNN formation and ChABC
treatment can restore(iCarstens et al., 2018n contrast, within the CA1 region ChABC
treatment suppresses L{Bukalo et al., 2007)These contrasting effects cannot be reconciled in
simplistic manner which is reflective of the diversity of neural types surrounded by PNNs and
their own unigueompositions. Nonetheless, these findings reflect that PNNs have an onpact
neuronal and synaptic physiology, which warrants consideration in any context where they are

disrupted.

PNNs also have important neuroprotective properties and provide critical support to the
physiological demand of highly active neuro6&GAG chainswithin PNNsare highly charged
structures that contribute to PNNs forming a polyanionic environmehe pericellular space
around neuronsThis environment can act as a buffering system for cal(agt), potassium
(K™, and sodiunfNa"), which are necssary for cellular functio(Briickner et al., 1993, 1996;
Hartig et al., 1999PNNs have been shown to buffer bivalent cations susddy
contributing to local diffusion properties in the pericellular sqad¢ér ab Dt ov8 et al

Okamado et al., 1994)In addition to these supportsagoing cellular demand PNNs can bind
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high amounts of cations suchiesn (F€*) which can contribute to oxidative stre&sorawskiet

al., 2004; Reinert et al., 2022)ther studies havehownthatduring development whdaVv+
interneurons are not yet surrounded by a PNN, they are more vulnerable to oxidative stress than
mature PV+ cells that are bearing th@@abungcal et al., 2013pimilarly, in mature PV+ cells
treatment with ChAR to degrade PNNs renders them vulnerable to oxidative stress.
Interventional studies also suggest that antioxidant therapies sueacatylitysteine can

diminish oxidative stress and prevent its effects on PV+ cell haaitiPNN disruptioiCardis

et al., 2018; Dwir et al., 2021; Hameed et al., 202B)s neuroprotective role is algudicated

by observations in theontext of disease. In AD, neurons surrounded by PNNSs are less likely to
accumulate lipofuscin, an intralysosomal pigment produced Byifrduced oxidative stress
(Morawski, et al., 2004)In animal models featuring excessive oxidative stress, suGicas
knockout mice, PNN surroundaeurons appear less affec{8dittkus et al., 2014PNNs have

also bea shown to protect neurons against excitotoxicity inducelidty concentrations of
glutamate otrimethyltin intoxication(Okamoto et al., 1994; Schuppel et al., 2002)

Interestingly, this neuroprotective role mstyieldmore than just host neurons. Under normal
conditions CSPGs within PNNse largelyresilient to proteolytic degradation by trypsin,
chymotrypsinor pepsin, but after ChABC treatment CSPGs are readily digested by these same
enzymegKoppe et al., 1997)n addition to these studies demonstrating PNNs neuroprotective
roles there is aroader body of literature also describes similar neuroprotective properties for
individual PNN componentsuch as tenasciR (Angelov et al., 1998; Egea et al., 2010; Liao et
al., 2005) Together, these findimgpresent strong evidence that PNNs provide both local support

for thephysiologicaldemands of host neurons and protect against stressors on cell function. The
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importarce of this function is doubly important when considering thaignificant proportioof

PNNs surroundhighly active PV+ interneurons which have incredible metabolic demand.
1.5PNNs andPV+ Interneurons

Any consideration of the functional roles of PNNs or the impact of their loss is inextricably tied
to their close association with PV+ interneurdfisese interneurons are defined by their
expression of the calciwminding protein parvalbumifHu et al., 2014; Lim et al., 2018)early
all PV+ interneurons ar@ ABAergic, and they are typically classified as either chandelier or
basket type cells. These interneuronshéglly activeand fastspiking, and are found throughout
the cortex, thalamus, striatyirerebellum, and hippocampWithin the cerebral cortex,
approximatelyl0-20% of neurons express GAB#d among thos&0-50% express PV+,

making them the largest category of inhibitory interneu(@uswvan et al., 1990; Rudy et al.,
2011; Tamamaki et al., 20Q3}his cell typecanexert remarkable influence over local cortical
circuits. A sampling of the connectivity be#en individual PV+ cells and their local
environment Bowsthat in some areas up to 75% of pyramidal cells within g@0@istance of

a particular PV+ interneuron make connectiffPacker & Yuste, 2011Yheir most distal
synapses can be over 30 from their somaPV+ interneurons are the primary source of
perisomatidnhibition onto pyramidal cells, giving them a high degree of influence on target
neurongCarceller et al., 2020; Freund & Katona, 20&tudieshave shown tha@V+ cells
synapse primarily ontoell bodies of pyramidal cellg sites with densely accumulatéidd

GABA receptordNusser, 1996) This innervation near to sites of action potential initiation

enable them to exert significant inhibitory influence over cells upon which they synapse.

Functionally, PV+ interneurons are thought to play a critical role in the regulation of

networkactivity, and they display unique firing properties that allow for this. Their defining
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marker, PV protein, rapidly sequesters calcium and attenuatespgisthyperpolarization
(Calllard et al., 2000)They also possess high levels of the voldgeendenpotassium
channelKV3.1 andKV3.2 which facilitate narrow spiking patterasd sustained high
frequency activityTogether, these unique properties enable them to maintaispi&stg action
potentials with limited fatigueSeveral studies have demonstdattee impact that PNN
degradation can have on these functional propettidgevicandeficient micethe clustering of
KV3.1b channels and AMPA receptaasesignificantly reducedDu et al., 1996; Goldberg et
al., 2008) Brevicandeficit mice have also been shown to haveiferneurons that are
hypeexcitable, with decreased firing thresholds and diminidined) frequenciegFavuzzi et

al., 2017) PNN degradation studies have shown ®RABC treatment decreases the mean
spiking activity ofPV+ interneurons ahincreasesheir spiking variability(Christensen et al.,
2021; Lensjeet al., 2017)PV+ interneuronglso display structural attributes which enable them
to integrate information broadly within cortical circuithey carreceive input from numerous
afferent pathways as they typically exhibit dendrites that cross multiple cortical (@ydyss et
al., 1999; Kubota et al., 2016; Noérenberg et al., 2010; Tukker et al.,. 20E8)possessengthy
axons, which can havamulativelengths of 30 to 50 m and extensive arborization, enabling
them to exerwide inhibitory influence(Karube et al., 2004; Norenberg et al., 2010; Sik et al.,
1995) These unique properties enable RdéHsto contribute more broadly to a variety of
complex neural circuit functiongor example, PV+ interneurons are thoughtontribute to
blanket inhibition, which is a form of widespread, rgpecific inhibition of cortical networks
(Karnani et al., 2014)The excitatory post synaptic potentigEEPSPsfrom a single action
potential in a pyramidal cell is sufficient to reliably produce an action potential in a connected

PV+ interneuror{Jouhanneau et al., 2018iven the immense sphere of influence of PV+ cells,
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this indicates that the activation of a single pyramidal cell which synapses onto a PV+
interneuron could result in blanket inhibition of a large proportion of neurons in their local area.
In the contexbf PNN degradation, it follows that the impact of PNN loss could disrupt the
contributions of PV+ interneurons to blanket inhibition. Support fordbigd be drawirfirom

studies showing that PNN degradatadters the balance between excitation and itibiiby
reducing inhibitory activityn local cortical circuit§Donato et al., 2013; Fawcett et al., 2019;

Lensjget al., 2017)

While PV+ interneurons have been suggested to play roles in a variety of other inhibitory circuit
functions including sparse encoding, madigdn,and pattern separation, they have beest
extensively studied faheir contributions taéhe generation diigh frequency activity (4000

Hz), calledgamma oscillatory activityGamma activity is thought to be involved in sensory
processes andtigration, and coherence in gamma activity between regions is thought to
facilitate complex cognition function®uzséki & Wang, 2012; Fries, 2005, 2009; Lesh et al.,
2011) Support for PV+ involvement in gamma oscillatory activity can be drawn from a wide
variety of studies. During neurodevelopment gamma oscillatory activity increases throughout
postnatal development and stabilizes in ~4 weeks in the rodent mPFC, wtoatcident with

the maturation of PV+ interneurons in this regiBitzenhofer et al., 2020PV+ interneuron
activity shows a strong coupling with gamma oscillations and manipuldatioresluce or

stimulate PV activity can attenuate or generate gamma oscillatory activity, respg@&ivesgki

& Wang, 2012; Klausberger & Somogyi, 2008; Sohal et al., 2009; Tukker et al., P0dt
support of PV+ cell involvement in gamma activity can also be dfesmm optogenetic studies
showing increases in gamma oscillatory activity after PV+ stimulé&@bio et al., 2020; Kim et

al., 2015; Liu et al., 2020; McNally et al., 202While the mechanism underlying gamma
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oscillations is not fully understood, conventional models such as the pyrameataleuron
network g@amma (PING) model, suggest that PV+ interneurons play a regulatory role by
synchronizing the activity of pyramidal cells through rhythmic inhibi{f@onzalezBurgos &
Lewis, 2012; Whitington et al., 2000)Consistent with this, disruption of glutamatergic
signaling onto PV+ cells decreases excitation of PV+ cells and disrupts gamma éetieity et
al., 2007) The closeelationshipof PV+ cellswith PNNs and the impacts of PNN disruption are
also readily shown in studies efaluatinggamma oscillatory activityalthough these can vary
by brain regionin the mouse &ual cortex or anterior cingulate cortex, PNN degradation can
result in increases in gamma power, but in the prefrontal cortex, it red(Cesdeller et al.,
2020; Lensjg al., 2017; Steullet et al., 2014hile these findings diffeldirectPV+ inhibition

can lead to increases in spontaneous gamma power but reduced evokedgaiftatary,
suggesting that these effects may be dependent ondtea@(Cho et al., 2015; Guyon et al.,
2021; Sohal et al., 2009)ogether, these studies demonstrate an important role for PV+ cells
and PNNs in the generation of gamma activity, which is thought to underlie complex cognitive
functionssuch as attentional control, sensory integration, and working mdBasarEroglu et

al., 2007; Buzsaki & Wang, 2012; Fries, 2005, 2009; Haig et al., 2000; Lesh et al., 2011)

1.6 PNNs in Cognition

While the discovery of PNNSs role in critical periods of visual plasticity renewed interest into
their function, it was a seminal work by Gogolla et al., (2009) that demonstrated their
contributions to plasticity can also have important roles bepantary sensory development. In
this case it is PNNs involvement in the maturation of fear extinction phenotypsegult animals
conditioned fear memories are resilient to extinctalowing nonreinforced exposure to a

condition fear stimuludyut in youngemanimals, extinction results in the erasure of these
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memoriesin the work of Gogolla et al. (2009) thérstly demonstrated that thissdelopmental
switch between thgivenile and maturéear extinction phenotype coincides with the maturation
of PNNs in he amygdalaSecondlywhen PNNs are degraded wittdmygdala of adult animals
theyrevert to a more juvenile state of plasticity dhelir fear memoriesubject to erasure
(Gogolla et al., 2009Bince this initialdiscovery additional studies have indicated a broader role
for PNNs in fear memorie®NN depletion in the hippocampus, medial prefrontal cortex, and
anterior cingulate cortex can all impair fear meyngtylin et al., 2013; Shi et al., 2019pther
studies have demonstrated modality specific involvement, vitléhe degradation within the
auditory or visual cortex impairs auditory and visual fear conditioning, respediBaherjee et
al., 2017;Thompson et al., 2018)Vhile these studiesuggest a significant role for PNNs in the
formation of fear memoriesthershavedemonstrateéa muchmore general function in memory
A rapidly growing body of research suggests an involvemeRNs in the acquisitioand
consolidatiorof drug-associated memoriéBrown & Sorg, 2023; Lasek et al., 2018; Sla&er

al., 2016) PNN disruption in theerebellum disrupts mot@ssociative memoriemnd in the
medial entorhinal cortex, can impair the representations of new environments and render
previously stable representations subject to interfer@@anrulli et al., 2020; Christensen et al.,
2021) Conversely, some studies have shd®NN degradation can have beneficial effects on
memory. PNN degradation in the perirhinal cortex can enhance object recognition memories and
in the medial prefrontal cortex, PNN degradation improves performance touthescreen trial
unique, noAmatchingto location (TUNL) tasKAnderson et al., 2020; Carulli et al., 2020;
Donato et al., 2013; Romberg et al., 2013; Rowlands et al., 2@1&)dition to their
contributions to memory, PNNs have a demonstrated involvement in learning/tétsks

hours of fear conditioning, CSGP mRNA and PNN levels increase, before returning to baseline
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24 hours later, suggesting they play a role in encoding these learned beh@aoergee et al.,
2017) The degradation of PNNs in the auditory cortex enhances reversal learningfaad in
cerebellum expedites motassociative learninfCarulli et al., 2020; Happel ek 22014; Hirono

et al., 2018)Similarly, agingrelated declines in motor learning correlate with PNN levels in the
striatum and PNN degradation restores this learning capérithard et al., 2018 Support for
their role in learning can also be drawn from knockout studies showing that animals lacking

tenasciAR have enhanced reversal learning in the Morris Water KMaeellini et al., 2010)

While these observations vary based on the method of disruption and the region within
which they affected, they demonstrate a clear role for PNNsgnitton, learning and memory.
The guestion of how PNNs affect memory and learning is still not decribedhowever. A
recent model suggests that these effects are mediated through PV+ interneuror(leatixiéft
et al., 2019)After degradation with ChABC, the restrictive barrier surrounding PV+ is removed
and there is an increase in inhibitory synapses on the dendrites of PV(€eaills, 2015;

Donato et al., 2013)ncreased inhibition of PV+ celtfecreases their activity, which is reflected

in reductions in GAD67 and PV expression within PV cdlisnato et al., 2013, 20153educed
inhibitory output from PV+ cells in turn cancrease excitability within cortical circuits to

facilitate learmg and memoryWhile intriguing, &pects of this model still require experimental
validation and the impacts of PNN degradation are not always consistent by region. Continued
study into the effects of targeted PNN depletion within localized areas invighdrealthy

animals are ideal for isolating out these unique contributions that PNNs make to learning and

memory.

1.7PNNs in Schizophrenia
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At the beginning of the century numerous studies identified that PNN loss is a feature of the
postmortem tissue of patients who suffered from SZ in their lifetiftés deficit was first
demonstrated in the amygdala and entorhinal covteeresignificanty reduced numbers of
PNNs and massive increases in CSRSSitive glial cellsvere detecte@Pantazopoulos, 2010)
Notably, the PNN deficitebserved clearly differentiated pasbrtem tissue of people that
suffered from SZ from those that suffered from bipolar disorder, wisinshare certain
symptoms such as psychostsibsequent studies demonstrated sinfiMN deficitsin the
prefrontal ortex, inferior colliculus, reticular thalamic nucleoffactory epitheliumand

superior temporal corter SZ (Alcaide et al., 2019; Enwright et al., 2016; Kilonzo et al., 2020;
Mauney et al., 2013; Pantazopoulos et al., 2013, 2015; Pietersen et al., 2014; Steullet et al.,
2018) The deficit in the prefrontal cortex is particularigtableas thetrajectory of PNN
development follows prolongeambstnatal growthwith the most significant increasestire pert
pubertal period before stabilizing into adulthood. Coincidentally, this developmental period is
also when the ovesymptoms of SZ first begin to appe@he mPFC is also a region of
significant interest in SZ pathophysiology given its contributions to dopaminergic sigaating
its role in cognitive functions which are frequently impaired in the people suffering lilem t
diseasdEllenbroek et al., 1996; Gariano & Groves, 1988; Sekiguchi et al., 2019; Sesack & Carr,
2002) Other regions with PNN deficits also bear signifioawithin SZ symptomatology. For
example, lhe superior temporal cortex plays a role in auditory processing and hallucinations in
SZ are most frequently auditory in nat(kéueser et al., 1990More recent reports hawaso
described PNN deficits within the reticular thalamic nucleus and infesibculus Deficits

within these areas indicate that PNN deficits are not restricted to cortical areas and paatd im

primary sensory processifiigilonzo et al., 2020; Steullet et al., 2018Jhile these descriptions
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were informativehuman posmortem studies are limited in their abilitydetermine what
contributions PNNsnaketo the progression of diseases such asf&#fy. This issue is keenly
suited to scientific discovenysinganimalmodelsof disease, whicbffer significantly more

investigative utility.

While there issignificantdebate over the validity of animal mod&dscaptureaspects of
acomple, poorly understood, amaeurodevelopmentalisease lik&sZ, animal models have
nonetheless proven to be able to recapitulate some of the features/tibS#gards to PNNSs,
the first of these was utilizing a maternal immune activafd) model of SZ where during
gestation the mother tseated with a controllethfection. In healthy animals, PNNs within the
PFC follow as similar developmental trajectory throughout the postifatgddn ashown in
people where they increase until late adolescence and adulthood. However, in animals whose
mothers hadMlA , these offspring develop PNN deficiidhe PNN developmenbf MIA animals
followeda similar trajectory to those of healthy animals until late adolescence and early
adulthood where a PNN deficit first emerges in the PF@is developmental periad also
when thisrodentmodel first demonstratdsehavioural symptoms consistent withzl&ke
phenotypgVorhees et al., 2015; Wolff et al., 2011; Wolff & Bilkey, 2008; Zhang et al., 2012)
A subsequent study demonstrated that PNN defiaitd PV impairmentin the mPFCare a
common feature across 12 out of 14 ofedelsevaluatedwhich included both genetic and
environmental modelSteullet et al., 2018 hese findings suggest that animal models are
effective in modeling PNN deficits and that among thBiN deficitsarea remarkably
common featureAnother finding within these studigsas thatmost models also exhibited
significant impairments in PV+ iatneurons and elevated oxidative stré@$gese features of

animal models also appear to capture endophenotypes of the human condition, where PV+
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interneuron abnormalities and excessive oxidative stress are ob@itaethirwe et al., 2009;
Bitanihirwe & Woo, D11; Cuenod et al., 2022; Do et al., 2015; Hashimoto et al., 2003; Yao &
Reddy, 2011)Given the higHrequency activity of PV+ interneurons they are particularly
vulnerable to environmental stressors such as oxidative g@tabangcal et al., 2013; Ruden et

al., 2021) Together, these studies demonstrate a potential mechanistouldhtinderlie

dysfunction within SZ and its models, whereby PNN loss renders PV+ interneurons susceptible
to environmental stressors such as oxidative stress, which in turn drives theguigtson

(Berretta et al., 2015; Do et al., 2015; Perkins et al., 2020)

Given the commonality of PNN deficits among both human-pustem studies and a
wide varety of animal models of the disease, interest has since shifted toskestisbing the
mechanisms by which PNNs are lost and the implicationgtisatas for the diseasEoremost
among these is their relationship with PV+ interneurons which are atsolaid in SZ.
Numerous studies have demonstrated reductions in PV+ messenger RNA (mMRNA) and protein
levels in SZ, although neuronal density is typically spé@dley et al., 2011; Gonzal&urgos
et al., 2010; Guidotti et al., 2000; Impagnatiello et al., 1998; Kilonzo et al., 2020; Thompson et
al., 2009; Woo et gl2004) The expression of GADGHRNA and proteins reduced in SZ and
GAD67 mRNA are entirely absent in up to 50% of PV interneu(bilashimoto et al., 2003)
Given that GAD67 and PV expression are highly correlatésliabs suggests that PV+
interneurons are ossble focal pointof dysfunction within SZDonato et al., 2013Dther
features of thelisease also implicate PV+ interneurddertical hyperexcitability is a common
feature of SZ, which is consistent with the decreases in inhibitory output seen from PV+
interneurons after PNN degradati@askalakis et al., 2007; Eichhammer et al., 2004; Hoffman

& Cavus, 2002; Lakatos et al., 2013; Spencer et al., 2@8@ormalities in gamma oscillations
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which are largely thougho be driven by PV+ interneuron activitgre common in recordings

from people suffering from SZiven this it is unsurprising that numerous cognitive behaviours
that have been shown tequiregamma synchramation such as working memory, attention,

ard sensorimotor gating, ampairedSZ (Dickersonet al., 2010; Forbes et al., 2009; Leung &
Ma, 2018; Senkowski & Gallinat, 2015; Swerdlow et al., 20Hdwever, in many studies of
gamma activitydeficits areonly observed during engagement with cognitive tasks and
converselyduring periods of spoaheous activity, gamma activityincreasedUhlhaas &

Singer, 2015)These alterations in sigat-noise ratio are very similar to what is obserired

PV+ interneurons after PNN degradation, where broadband spontaneous activity of gamma is
often increased but during narrow band evoked activity, gamma is imf@imecet al., 2015;
Guyon et al., 2021; Sohal et al., 200Bhese results providgrong support that PV+

interneurons are an important feature of SZ pathology. When paired with observations of PNN
deficits, gamma asynchrony, cortical hyperexcitability, and disruption of the inhibitory siystem
SZ, it becomes apparent that PNN and R\Iscare part of a larger and perhaps significant locus

of dysfunctionwithin the disease.

In addition to these converging lines of evidence, other aspects of SZ dysfunffeion
further support PV+ interneurons havingemtral role in SZ pathophysiolpgn the last several
decades, thBl-methyld-aspartate receptoNMDA R) hypofunction hypothesis of SZ has gained
significant interesto explain commonalities among the positive, negative, and cognitive
symptoms of SZlt is derived from observatiortea NMDAR antagonistsuch as ketamine and
phencyclidinecaninduce symptoms reminiscent of each of these three donhatiaestingly
NMDAR hypofunction hypothesis can integrate well with numerous other observations about

PNNs and PV+ interneurons modern models of the circuitry underlying gamma oscillations,
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interneuron activity is driven by excitatory glutamatediated input from pyramidal cells,

which in turn inhibited rhythmically via feedback inhibition from PV+ interneucafied the
PING model) Thus, glutamatergic input and glutamatergic receptors for AMPA and NMDA are
essential to drive the rhythmic inhibition from PV+ interneurand NMDAR hypofunction

could reduce excitatory drive onto PV cells. Consistent with this, NMDAR antagraigée

been shown to decrease GABAergic interneuron activity and subsequently disinhibit pyramidal
cells, increasing their activiffHomayoun & Moghaddam, 20QHowever, other studies have
indicatedthat NMDAR contributions to glutamatergic transmission in PV @etlselatively

small compared to AMPAR@uIl et al., 2009; Nyiri et al., 2003; Rotaru et al., 20Mang &

Gao, 2009)Consistent with this, gamnwscillatory activity is largely unaffected by NMDAR
antagonism, but is reduced by AMPAR antagonism, although these findings vary by region
(Buhl et al., 1998; LeBeau et al., 2002; Roopun et al., 2008; Traub et al., AG66)er angle

by which NMDA hypofunction might impact PV+ cells is during developm&hé maturation

of PV+ cells is an activity depenaleprocess as demonstrated in critical periods of plastioitly
NMDAR dysfunctionmaydisturb this maturation procegs.line with this, thenhibition of

NMDA Rsduring development can result in persistent impairments in PV+ cell dépsitell

et al., 2012)Other studies have shown that the Kigimg rates of PV+ interneurons are in part
due to a developmental sailitin NMDAR subunits (NR2B to NR2A) and disrupting this switch
impairs synaptic plasticity and produces deficits in cognitive fun¢hatta et al., 2011
McGlothan et al., 2008; Nihei et al., 200B)MDAR activation has also been shown to enhance
antioxidant systems such as glutathione, thioredoxin, and peroxirg@aster et al., 2015;
Papadia et al., 2008piven the susceptibility of PViaterneurongo stressts such as redox

dysregulation, NMDAR activation might serve a protective role in this regard. In support of this,
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deletion of the NR1 subunit of NMDARS in PV+ interneurons results in PV and GAD67+
deficits and elevated levels of oxidative stress witheséhcellgBelforte et al., 2010; Jiang et
al., 2013) Although not conclusive, these studies demonstrate evidence of a sHgiibetween
NMDAR function and PV+ interneurons, whitihks them with another major hypothesis within
the SZliterature Further studies are required to better describe the relationship between
excitation and inhibition in the generation of gamwsaillations, and the role that PV+

interneurons and NMDARs may play.

A final aspect of Spathology that might implicate PNRV abnormalities is deficits in
myelination.Myelination abnormalities ar@bservedextensively in SZ pathology, which has
been denonstrated through humamvivo brain imaging studies, but also in posbrtemstudies
(AlvaradoAlanis et al., 2015; Aston et al., 2004; Cheung et al., 2008; Fitzsimmons et al., 2013;
Harris et al., 2009; Lener et al., 2015; é&glesias et al., 2010; White et al., 201llike PNN
development, the time course of myelination within people shows significant overlap with the
onset ofSZ, typically in late adolescence and early adulth(@al et al., 2015)While not readily
recognized, PV+ interneurons areeaf the most heavily myelinated types of interneurons in the
CNS.Among all myelinated cortical neurons in humans5@% are GABAergic, and among
these, almost all express PMicheva et al., 2016)Similar findings have been demonstrated in
the mouse visual cortex after myelinatimecurs throughout adolescer(décGee et al., 2005)
Given thefastspikingdynamics of PV+ interneurons their myelination is perhapsurptising.
PV+ interneurons axonal arborizations are significant in both complexity and length and their
regulatory function within local cortical networks demahdgh precision in the firing of their
action potentialgFino et al., 2013; Packer & Yuste, 2011; Pajevic et al., 20My¢lination

would support these functions given that it can increase conduction velocities and enhance long
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range cohereng&alami et al., 2003Myelination could also support the immense physiological
stress that PV+ interneurons experience during periods of high acéivitly as gamma

oscillations. It has been shown that during gamma oscillatory actitychondrial oxidative
capacity is pushed nearly to its limit aoxlygen consumption ratese similar tahat of seizure
activity (Kann et al., 2014)Given this, myelination could contribute to managing these
significant energy demand@Bunfschilling et al., 2012; Lee et al., 2012he presence of the

ECM is also important for myelination in the form of the perinodal matrix, which are structurally
similar to PNNs but surround nodes of Ranyigekku et al., 2009)Like PNNs, thg are

thougHh to actas acation buffer against thexchange of ionatnodes of Ranvier. Giveneh

shared structural compositiafi PNNs and perinodal matricedsruption of PNNs irSZ is
suggestivef shared impairment of perinodal matricessupport of this, brevican deficien

mice have disrupted perinodal matrices around their nodes of Ranvier and exhibit abnormal
nerve conduction propertiéBekku et al., 2012)interestingly, comparing this strain with wild

type animals shows no difference in the clustering of their ion channels at nodes of Rainvier
does show differences in the extracellular diffusion of ions, which is imggoat their role in

cation bufferingTogether, these studies demonstrate yet another pathological alteration thought

to be central to SZ dysfunction that shares significant overlap with PNNs and PV interneurons.

Despite the wealth of evidenaaplicating PNNs in the pathophysiology of
schizophrenia and its symptoms, there remain numerous obstacles to interpreting their
significance in the disease. Observations that PNNs are reduced in SZ are informative but do not
necessarily implicate PNNs ascore feature of the disease. PNN deficits could be an
epiphenomenonfather pathophysiological disease processe®uld even serve a

compensatory mechanisim combat againgiathologicakchangesluringthe disease. Similarly,
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while animal models caneinformative for replicating these PNN deficits and offer utility in
studying mechanisms, they present numerous confounding factors when attempting to make
causative conclusions about what role PNNs play in SZ. These issues warrant further
investigation mto the role of PNN degradation outside of the contexts of disease, where more
direct relationships between PNN loss and the symptoms or pathology of the disease can be

evaluated.

1.8PNNs i n ADisedseei mer 6 s

In addition to their involvement in SZ, PI$Nhave also been implicated in other CNS disease
such as ADautism,bipolardisorder epilepsy fragile X syndrome, and multiple sclerosis
(Alcaide et al., 2019; Baig et al., 2005; Brandenburg & Blatt, 2022; Crapser et al., 2020; Gray et
al., 2008; Pantazopoulos et al., 2015; Pollock et al., 2014;8tVa&n 2018; Yutsudo &
Kitagawa, 2015)Among thesgthe contributions of PNNs to memory and cognition are
particularly relevant to the symptoms of APostmortem studies of AD have offed mix

results with regards to PNN changesIN deficits have been observed in ttiegulate,
entorhinal frontalandtemporal cortices of patients that suffered from @®&aig et al., 2005;
Crapser et al., 20260bayashi et al., 1989; Pantgooulos & Berretta, 2016)n contrast, ne
study which broadly evaluated PNNs within tfrental and temporal cortices, striatum, and
thalamusshowed no alterations to PNNs in ABlorawski et al., 2012)While this could be
taken as mixed evidendhese differing resultsould be attributed to the inherafiversity
present in human pestortemsamplesandthedetection methods used to label PNNs in these
studies variedTransgenic mouse models of AD have also offered utility in evaluating PNN
alterations after genetic mipulation of familiatAD genesin the 5XxFAD modelvhich

overexpresseamyloid precursor protein (APP) and presenllifPS1)with 5 mutant genes,
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PNNs are reduced in the subiculum and visual cortexmbdth old animals and these deficits
persist untilLl8-months(Crapser et al., 2020%imilar deficits are shown in the subiculum in the
3XTG animal model, although the visual cortex is sp&radonillo et al., 2022)n the Tg2576
model, two studies have demonstrated reductionsumons dualabelled WFA+/PV+ neurons

in the hippocampus, and another has described defidite CSPG core protein brevicégmo

et al., 2010; Cattaud et al., 2018; Rey et al., 2(R&%ent investigations into the rTg4510 mice
which feature tauagthy have also shown PNN deficits and PV+ interneuron dysfunction within
the somatosensory cortex abdnths of ag€Kudo et al., 2023)Other studies in AD models
including Tg2576, APP-F, andP301Sanimalshave reported negative results of PNN deficits,
although evaluations in these models focused only on the parietal cortex, hippocampus, and
perirhinal corteXMorawskiet al., 2010; Sos et al., 2020; Yang et al., 20I6yether, the

human and animal model studies demonstratteace of PNN loss within AD pathology,
however these deficits are not global and vary by the region examined. Future studies would
benefit from a more systematic and broader characterization of PNN deficits, particularly in

animal models where such a igsis feasible.

Given descriptions of their loss in AD in specific areas of the brain, it warrants
consideration what the impact of PNN loss in these areas could YWWbde.PNNs have been
implicated in cognitive impairment, memory function, and learimngther CNS diseases like
SZ, their role in AD is not as well studied. Similatbynly a small number of studies have
evaluated PNN deficits in animal models of ABthe P301S model, which overexpresses a
mutant form of tau, memory impairments are observable in object recognitiorfXaskset al.,
2015) Interestingly howevenbject recognition performance is restored aftggctions of

ChABC into the perirhinal cortex, an area critical for object recognition .t&kssegent
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experimentglemonstrated that administering antibodies ag&id§ the more inhibitory form of

CS, extended the retention of letegym object recognition in WT animals and rescued deficits in

in the P301S modélang et al., 2017)These findings are particularly intetieg) because they
suggest that PNN depletion could serve a beneficial role in alleviating cognitive impairments in
AD. Similar results have been demonstrated in otherwise healthy animals, where PNN reductions
within the perirhinal cortex can enhance objectognition memoryRomberg et al., 2013;

Rowlands et al., 2018However, in the broader context of studies into PNN depletion where

many describe memory impairments after PNN degradation, this suggests that that PNNs within
the perirhinal cortex could have a unique relationship with memory in thi¢Baskrjee eal.,

2017; Christensen et al., 2021; Hylin et al., 2013; Kochlamazashvili et al.,. 2010)

An additional consideration of PNNs in AD is their neuroprotective properties on host
neurons. This is particularly relevant in Aihich features significant oxitlae stress, the
expression of factors involved in cell toxicity, and significant cell déakiristen, 2000; Fricker
et al., 2018; Yang et al., 2003)ne consistent observatianrossrain regions witm post
mortem ADtissuewas that cellsvith PNNs rarely exhibiteghosphorylated ta(Morawski et
al., 2012) When looking more broadly at thertioal distribution of PNNSs, it is also notable that
areas relatively dense in PNNs are largely spared from AD path@odgkner et al., 1999)
Togeher, these results might suggest that PNNs play a neuroprotective role against AD. Direct
evidence of this was shown ¢altured cortical neuronshere the presence of PNNs was
protective againsA bt o and teeatrheypt with ChABC removed this protettipliyata et al.,
2007) Similarly, PNN-associated neurots slice culturesarely observed to internalize tau
protein and afteChABC treatmenthese neurons internalize it as similar rates asRiN

bearing cell§Suttkis et al., 2016) In addition toA baccumulation, AD also features significant
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oxidative stress like as is seen in SZ, which can readily impact PV+ interneuron fuinction
unmitigated/Cabungcal et al., 2013; Solodkin et al., 1996)e impacts of AD on PV+

interneurons however are unclear. In human-postem studies, some have observed

impairment in PV+ interneurons and others show apparent preservation, although deficits are a
feature in numerous animal models of the diséABet al., 2019; Baig et al., 2005; Saiz

Sanchez et al., 2013, 2015; Takahashi et al., 2010; Zallo et al., P@Epjte these mixed
observations, a renestudy in the APP/PS1 model of AD showed that PV interneuron activity
might have a more central role in AD pathogen@sigzi et al., 2020)Within this model,
hippocampal PV interneurons become hyperexcitable prior to any observed changes in excitatory
pyramidal neuronslhesealterationan PV+ hyperexcitabity alsocoincide with the onset of
impairments in spatial learning and memadnhibition of PV+ cells reduced this

hyperexcitability to restore normal levels of PV+ cell activity and rescued memory impairments.
Most notably, this dampening of PV+ internea hyperexcitability also reducédbplaque
deposition. This study demonstrates not only an involvement of PV+ interneurons in the
cognitive deficits exhibited in this model but that alterations in PV+ activity could be a
contributing factor t&A Bplaguedeposition, which is considered a hallmark of AD pathology
(Goedert et al., 1991; Hardy & Allsop, 199LLjnking this to PNNs, consistent observatidhat

their degradation increases the excitability of PV+ interneurons could suggest that their loss
AD disrupts PV+ activityhichin turn contributes to cognitive impairment and exacerbation of

ADb pathology(Dityatev et al., 2007)

In summary, PNNs are implicated in human AD and as a feature of numerous animal
models of thalisease, although these deficits vary by region. These observations are particularly

relevant given the prominent memory and cognition impairments seen anéiberole that
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PNNs can play in those functions. While PNNs may confer protective propewiestahe

pathology of AD, that makes their disruption only more consequential in the context of a disease
that features significant cellular toxicity and metabolic stiésgher study is required to provide
more thorough characterizations of PNN dedi¢iirough the brains of both AD patients and

animal models of the disease. Such information could be used as a foundation upon which to
further evaluate the effects of PNN degradation within these regions to determine their impact on

the cognitive symptomaf AD.
1.9Thesis Outline and Aims

The goals of this thesis were to evaluate the role of PNNs in CNS diseases and cognition. PNN
loss and cognitive impairment are a shared feature of several CNS diseases, including SZ and
AD (Baig et al., 2005; Crapser et al., 2020; Kilonzo et al., 2020; Mauney et al., 2013;
Pantazopoulos et al.020; 2D13; Steullet et al., 2018previous work from our laboratory has
shown that PNN deficits are also apparent in a promer@nal model of SZ, a finding which

has since been demonstrated as a common feature among numerous animal models of the disease
(Paylor et al., 2016; Stélet et al., 2017)Studies into other CNS diseasexh asqutism

multiple sclerosisepilepsy bipolar disorder, and fragile X syndrome have also indicated that
PNN loss could be a consequence of their pathophysi¢Riggide et al., 2019; Brandenburg &
Blatt, 2022; Gray et al., 2008; Pantazopoulos et al., 2015; Pollock et al., 2014; Wen et al., 2018;
Yutsudo & Kitagawa, 2015However, the implications of thidoss in these diseasasznot

clear To address this, evaluating PNN deficits in prominent animal models of disease allows us
to determine whether animal models can recapitulate aspects of PNN lodenifying

appropriate models to study this pheremon, we provide opportunities to investigate the

mechanisms of their loss, the consequences for symptomatology and pathophysiology, and
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evaluate potential treatments against disease driven PNN loss. The evaluation of PNN deficits in
animal models aloneaa also be problematic however, as models typically feature complex
pathophysiology of their owrike CNS diseases, the observation of PNN loss in animal models
of diseasaloes not necessarily implicateem as a core feature of their pathologsy their

degradation could be an epiphenomenon of gith#rophysiological processes. Alternatively,

their downregulation could be a compensatory mechanism. Thus, investigations into the impact
of PNN loss on cognition outside of disease modelslaevaluable tbetter isolate out their

unique contributions.

Chapter 2 Aims i Evaluating PNN deficits in the 5xFAD mouse model of AD

In this chapter| sought to utilizemy previous experience in characterizing PNN deficits in a SZ
model by applying similar techniques to an animal model of AD. Like in SZ, cognitive
impairment is a prominent feature of AD symptomatology andpastem studies indicate a
loss of PNNs in seval regions of the brain in A[Baig et al., 2005; Crapser et al., 2020;
Kobayashi et al., 1989However, otler reports have demonstrated negatesailtsof PNN loss

in the diseaséMorawskietal., 2010) PNN integrity in animal models of the disease has also
been sparsely evaluated and in only limited regions of the brain. Given the significant overlap
between the effects of PNN disruption on cognition and memory, and impairment in those
functions within AD, more thorough investigations of PNN loss in the disease are necessary.
Givenbetter descriptionsf when and where PNN disruption occurs witAib and animal

models of the diseashkiture investigations could better target the specifisequences of PNN

disruption with these areas.

Within this chapterl| utilized 5xFADmousemodel of ADwhich overexpresses amyloid

precursor protein 695 (APP695) and preseiilifi°S1) with 5 mutant gene&FP: SK670N, S
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M671L, F176V, L-V7171; PSEN1: M46L, L286\). This model features an aggressive-AD

|l i ke present at i-plaguewdecunulatisn, reeurdinflammationt synaphbic
disruption, and neuronal cell death, all of which are features ofskbtar et al., 2022; Forner
et al., 2021; Oakley et al., 2008)hese animals also display deficits in spatial working memory,
novel object recognition, fear conditioning, and social recognition with varying d&ian
Ferré et al 2016 Jawhar et al., 2012; Kimura & Ohno, 2009; Oakley et al., 20@aluated
PNN deficits in the immunohistochemical staining of the CNS of 5xFAD asoess 5 different
brain areas: thmPFGC primary motor cortex, hippocampus, entorhinal cqréexd retrosplenial
cortex(RSC) Additionally, | sought to evaluate the temporal progression of any deficits by
evaluating both -month andL1-monthold animals. While these animals have shown to have
cognitive impairments on some tasks byn@nths of agethese deficits are often observed to
worsen with age, which correlates with the severity of their dig@meer et al., 2014; Jawhar

et al., 2012; Oakley et al., 2006; Schneider et al., 2014; Urano & Tohda, 2010)

In addition to this characterization of PNN deficlteyaluatedseveral other markers of
disease progression in AD. Firstlystained forA bplaque depositigrnwhich isa hallmark
feature of AD pathologyto measure disease sevefitaFerla ¢ al., 2007; Murphy & LeVine,
2010; D-S. Wang et al., 2006) evaluated IBA1+ microglia as a marker to assess the degree of
neuranflammation within animals. Microglia have been shown to play a prominent role in both
AD (and 5xFAD) pathology and hetp regulate the integrity of PNNs in otherwise healthy
animals(Cameron & Landreth, 2010; Crapser et al., 2020; Hansen et al., 2018; Hong et al.,
2016) Lastly, | evaluated the presence of PV+ interneurons, which are closely associated with
PNNs, and fluorojad€, a stain for identifying cell deathithin the mPFC and RSCalso

tested ani mal sé6 performance on two tnewlts of
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object recognition, as a measure of cognitive impairmenhis case, previous studies would
predict that cognitive impairment in these tasks would already be presemdytfis of age, but

replicating this here would allow us to contrast thesfecids against any observed PNN deficits.

Chapter 2 Hypothesis: 5XxFAD animaldl exhibit cognitive impairment in spatial memory and
objectrecognition andwill havecorrespondingeductions in PNNs in five regions of the brain:

the mPFC, primary motacortex, CA1 of the dorsal hippocampus, entorhinal cortex and

retrosplenial cortex.PNN deficits will worsen with age and #tlese regions will demonstrate
significant accumulation of ADb deposition, mi

whichis characteristic of this animal model of AD.

Chapter 3 Aims i Evaluating cognitive impairment after targeted depletion of PNNs within

the mPFC of rats

This experiment intended twild upon previous findingsom our laboratory that demonstrated
that in aMIA model of SZ in ratgpolyl:C), PNN deficits emerge within the medial prefrontal
cortex in late adolescence and early adulth@®adltor et al., 2016) These results demonstrated
that the polyl:C model was effective at recapitulating some of the PNN deficits observed in the
postmortem tissue from patients who suffered from schizophrdlwtably,in animals from

MI A mo théiréNNsdévelopment followed a typical trajectory until late adolescence and
early adulthood. The appearance of this deficit also coideidth the typical onset of cognitive
impairment in this animal modetome of which are though to be dependent on the mPFC
(Ballendine et al., 2015; Vorhees et al., 2015; Wolff et al., 2011; Wolff & Bilkey, 200Bije a
characterization of the timeline of PNN loss and the presentation of symptoms within these
animals is informativdjnking PNN deficits to cognitive impairment is difficult. Like the

limitations of human posthortem studies, the observation of PMiNs and development of SZ
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symptoms could be concurrent but unrelated phenomenon. Thus, in chidq@experiment was
designed to isolate the impact of PNN loss withinrtti®FC the same region within whiaur

lab hadobserved PNN deficits ithe materrml immune activation modelf SZ

To evaluate the impact of PNN lo$dreated rats with bilateral injections of ChABC, an
enzyme which degrades PNNs, within the same developmental window that we had previously
observed PNN deficits in our MIA modéJsing immunohistochemistry evaluatedhe efficacy
of ChABC to degrade PNNs atwbk for potentiakthanges within PV interneurons using three
markers: PV fluorescence, GAD67 fluorescence, and Gephyrin+ puncta. Both PV+ and GAD67+
are commonly expressed mark within PV+ inhibitory interneurons and previous studies have
demonstrated that a loss in their fluorescence might be indicative of alterations within these cell
types(Enwright et al., 2016; Kinney et aRQ06; Zallo et al., 2018)he third stain, gephyrin, is
a major scaffolding protein at inhibitory synapses. As suetaluated its densitynamature
neuronal cells within thenPFCto evaluate potential changes in inhibitory connectivigiso
assesed any potential neuroinflammation as a result of PNN degradation by labeling IBA1+
microglia and GFAP+ astrocytebwo weeks after ChABC injectionsevaluated animalacross
a battery ofour tests of cognition includingrepulse inhibition, operant sshifting, oddity
preference task, and the crossmodal object recognition task. These tests offered a broad
assessment of sensorimotor gating, behavioural flexibility, working memory, and multisensory
integration. Impairment in these functions is commoscimizophrenia and importantly for the
present study, deficits in them have been shown in the MIA model of SZ we previously observed
PNN deficits in(Ballendine et al., 2015; Vorhees et al., 2015; Wolff et al., 2011; Wolff &

Bilkey, 2008). By utilizing common behavioural measures, this allos@thparisons againtte

broader impact of the MIA model of SZ on cognition against localized disruptions of PNNs.
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Chapter 3 Hypothesigireatment with ChABC will degrade PNNs within the mPFC and
diminish the expression of PV+ and GAD67+ fluorescence within PV+ internebrdmnsill not
have significant impact on local inflammation. PNN degradation within the mPFC will impair
cognitive perbrmance, as measured @ur unique cognitive tests: prepulsdibition, operant

setshifting, oddity preference, and crossmodal object recognition.

Chapter 4 Aims i Evaluating the impact of transient PNN degradation within either the

mPFC or RSC on cogition and memory in healthy mice

In this chaptet planned to build upon the findings of cha@ewhich demonstrated the PNN
degradatiorwithin the mPFC outside of the confounds of disease madieisesult in cognitive
impairment(Paylor et al., 2018)lo advance upomy previous work] first sought to evaluate
whether these deficits in rats also translated into mice. While mice typically are contedered
suitedto cognitive testing than rats, they also offer significant utility in terms of genetic
manipulations and in vivo imaging opportunities. Thus, the potential to harness the utility of

mice necessitated that we first characterize the cognitive pobfifece and the impacts of PNN
degradationRather than utiliz€ hABC, | utilized a dual viral vector that enables for localized
expression of ChABC under the control of a dietary trigBernside et al., 2018)his design
enablecevaluationoni mal s cognitive performance at ba:
expression, and 30 days after the dietary trigger for ChABC expression had been withdrawn.
Additionally, given emerging evidence and our observationiense PNN expression within the
RSC,I chose to include this along with the mPFC as a second region of interest in our study. The
RSC is a highly interconnected region of cortex that has demonstrated involvement in working
memory, spatial cognition, andetliefault mod@etwork(Buckner & DiNicola, 2019; Moni &

Heilbronner, 2021; Morris et al., 1999; Raichle, 2015; Raichle et al., 2001; Vann et al., 2009)
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Moreover, numerous recent studies have implicated RSC dysfunction(BiuBin et al., 2009;

Liang et al., 2006; WhitfiekfGabrieli et al., 2009)

First,| evaluatedh n i mgeifoem@nce on four cognitive tests: open field behaviour,
spontaneous alternation, the oddity preference task, and crossmodal object recognitied
these tests to evaluate general motor activity, working memuadynaltisensory integration.
After baseline behavioural assessmehtsllowed these animals for 30 dagfksustained
ChABC progression, after whidhagainst tested them on the samaétery ofcognitive
assessment$he dietary trigger fo€ChABC was then withdrawandanimals were evaluated
afinal behavioural session aftem additional30 daysAt the end of the experimeahimals
were euthanized to confirm the efficacy of ChABC exprestiategrade PNNwithin the
mPFC and RSQd.also evaluated the impact of PNN degradation on PV+ interneurboghat
sites andassessed any inflammatory reactivity to the expression of ChwiBIth these animals.
Lastly, lincluded an additional cohort of control and ChABC animialderwent wide field
optical imaging to evaluate patterns of cortical activity (spontaneous and sensory evoked) after

PNN degradation within the RSC.

Chapter4 HypothesisChABC expression will result in PNN deficits in the mPF®&S8C but

will not affect thentegrity of PV+ interneurons at either location. PNN degradation within the
mPFC will impact performance on oddity object preference and the crossmodal object
recogniton task, but not open field behaviours or spontaneous altern&mmalswith PNNs
degraded in the RSC will have impaired spontaneous alternation, oddity object preference, and
crossmodal object recognition, but not open field behavidtX degradatia within the RSC

will impact activity patterns generated from the RSC igsmohterconnectivity with other cortical

areas.
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Chapter 27 Perineuronal net loss, amyloidb deposition, and cognitive deficits in the brains

of 5xFAD-transgenic mice
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Abstract

Perineuronal nets are organized components of the extracellular matrix that sheathe mature
neurons of the CNSThese structures play a critical role in limiting neuronal plasticity and
providing structural and functional support to the neurons that host them. The loss of PNNs in
the context of disease can cause dysregulation in plasticity, the excitatory/mtuaitance of

the cortex, and can result in impairment in cognitive functions such as memory. Here, we
investigate the integrity of PNNs irelects he 5xFA
cogni tive -amyli airadnsaindadmeuroBatholy associated with the disease.

We evaluated animals across five brain regions at time points representative of moeerate (7
months) and later stages of diseaser(iihths). Concurrently, we evaluat&ddeposition,
microglial activation, markers of cell dh, and the presence of parvalbupositiveinhibitory
interneurons. We also evaluated animals in the earlier stage of disease on two cognitive tests of
memory, spontaneous alternation and novel object recognition. Our data show that cognitive
deficits n spontaneous alternation and novel object recognition are present in animals at 7
months of age. We also show significant extracellular matrix loss throughout the brains of
5xXFAD animals. PNN deficits were observed in the retrosplenial cortex, CAl refgiloa

dorsal hippocampus, and primary motor coitdsut notin the medial prefrontal cortex or
entorhinal cortex. All brain regions investigated had signifiéabtleposition, elevated markets

of neuroinflammation and cell death, but normal levels ofgdauminpositiveinhibitory
interneurons. This data suggests that the extracellular matrix and PNNs are signitewestty/

in 5XFAD animals as early asmionths of age. The loss of PNNsselected braimegions could
contribute to cognitive impairmeonbservedn 5xFAD animals and warrants further

investigationin human ADbrains
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Introduct ion

Al zhei mer 6s Disease (AD) is the most common f
progressive memory loss and cognitive decline that can affect multiple cognitive domains.

Globally, 55 million people suffer from AD and there are 10 million new casesyeachThis

number is expected tocreasan coming years with aimcrease in thaging populationn our

society( Al zhei mer 6s AlsGanada, where D0 thousar®l pedple suffer from AD,

the estimated healthcare costs associated wit
of Canada, 2016; 2022Jhese projections only account for direct healthcare costs and do not

include the costs of diminished quality of life, productivity lost, and dependence on informal

care. Between 2000 and 2012, disabititfjusted life years (DALYs)ears of life lost (YYL),

and years lived with disability (YLD) attributed to AD and other dementias grew globally by

65%, 148%, and 40%, respectively (WHO, Global Burden of Disease Study). Given that AD has

a progressive but delayed onset, and the insmencietal burden of the disease, it is essential to

better understand itdéds etiology and pathophys

The primary neurological features of AD are intracellular neurofibrillary tangles (NFT)
enriched with hyperphosphorylated tau protein and extraaefialritic plaques containing
amylodbet a (Ab) peptides. The early devel opment
extracellular deposit i (@Bmaak& Braak A991; behéridyetale nt or hi
1989; Nardone et al., 2008; Whitehouse et al., 1982}he diseaspr ogr esses, ADb spr
throughout the neocortex and NFT through medial and inferior regions of the brain-dtate
AD,bot h extracellular Ab deposits and/ or NFT c
hippocampus as well as some subcortical nucldi@btain.In addition to the development of

A Bcontaining neuritic plaqueend NFT, ADaffected brains typically exhibit decreased synaptic
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density, neuronal loss, as well as increased gliosis and neuroinflammatory @Btwityet al.,
1995; Bussiére et al., 2003; Davies et al., 1987; Lorke et al., 2006; Masliah et al., 2001,

Nordberg & Winblad, 1986)

Etiologically, two forms ofAD have been identified, familial AD (FAD) and sporadic
AD. FAD is far less common (less than 5% of cases of AD) but presents with an earlier onset.
The pathology and symptoms of both forofishe disease are otherwise indistinguishable from
each otherFAD cases are caused by mutations of three known genes i.e., amyloid precursor
protein (APP) gene location on chromosome 21, preseh(’SEN) gene located on
chromosome 14 and presenifirgene located on chromosome 1. The PSEN1/2 gegaes
essentialt¢ he c¢cl eavage of APP and the subsequent ge
mutations in APP and PSEN1/2 are the foundatfogeneratingransgenic models of AD which
are now being utilized to study its pathophysiold@pe such model is the 5xFAEansgenic
mouse model which eexpress three APP (Swedish mutation: K670N, M671L, Florida
mutation: 1716V; London mutation: V7171) and two PS1 (M146L and L286V) Familial AD
mutations resulting in the development of A&ated pathology. The gene mutasairive
excessive accumul ation of Anhtomical abgenvatisnsinn s peci
5xFAD micealso have demonstrated the presence of significant neuroinflammatory activity,
synaptic disruption, and neuronal cell death, all of which areacteistic of AD(Akhtar et al.,

2022; Forner et al., 2021; Oakley et al., 2006)

In addition to its cellular and anatomical presentation, 5XFAD mutant mice display
behavioural and cognitive impairments that are consistent witfGxBanFerré et al., 2016;
Oakley et al 2006) Deficits in spatial working memory have been demonstrated in both Y

maze and crossiaze designs in 5XFAD mice, beginning as early as 6 months @Jagkar et
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al., 2012; Oakley et al., 20Q8mportantly, while studies have shown that 5xFéize do

devel op motor i mpairments, in these tasksod ani
impaired working memory performance, suggesting this deficit is not due to confounding motor
impairment. Simildy, spatial working memory deficits have been desti@tied in the Morris

Water maze, where impaired spatial memory is present as early as 6 months of age, and impaired
learning shown in 9 month and 1 year old aninfBlsuter et al., @14; Ohno et al., 2006;

ObLeary & Brown, 2022; Schnei .dderossrumercad ., 2014
behavioural testing paradigms, 5xFAD ani mal so
which is thought to be reflective of the progressieuropathological development of an-AD

like phenotype in 5XFAD animals. In addition to their spatial working memory deficits, 5xFAD
micealso present with other cognitive impairments in fear conditioning, novel object

recognition, and social recognititasks(GrinanFerré et al., 2016; Kimura & Ohno, 2009;

Locci et al., 2021)

One dimension of AD that has gained significant interest in recent years is the role that
neuroplasticity might play in both the progression of the digeaswlogyand its symptoms,
such a cognitive declinéMercer6nMartinez et al., 2021; Mesulam, 2000; Spileses &
Knafo, 2011) Cognitive functions sucas learning and memory are dependent on neuroplasticity
and deficits in this capacity could underlie impairmeritservedn AD. Therapeutic
interventions designed to enhance plasticity might also be able to counteract the progressive
cognitive decline s in AD. One anatomical substrate with significant contributions to neural
plasticity that has been considered is the extracellular matrix (ECM). The ECM exists in three

primary forms in the brain: a loose form of the ECM which exists throughout the entir
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interstitial space between celteg basal laminaand perineuronal nets (PNNs), which are

organized ECM composites that surround certain cell tgioaesk et al., 2011; Lau el.a2013)

PNNs play a critical role in regulating plasticity in the brgawcett et al., 2019; Sorg et al.,
2016; Wang &awcett, 2012)The development of PNNSs in primary sensory regions typically
coincides with the closure of critical windows of plasti¢®yzzorusso et al., 2002)Vithin these
windows, cortical tissue undergoes dréimeeorganization in response to external stimuli.
Manipulations which delay the formation of PNNs can extend these critical windows, and
enzymatic degradation of PNNs after a critical window has closed estallish a period of
elevated plasticityCarulli et al., 2010; Lander et al., 1997; Pizzoouskal., 2002)Like primary
sensory regions, the amygdala also has a critical window during development within which
learned fear memories resulting from fear conditioning become permanent and resilient to
extinction. This development shift occursparallel to a significant upregulation in PNN density
within the amygdalé&Gogolla et al., 2009)Degradation of mature PNNs in the amygdala via
injections of the enzyme chondroitinase ABC (ChABC), which degrades perineuronal nets,

restores the ability to extinguish or unlearn these fear memories.

While a broad body of research describes PNNsimdarning, memory, and cognitive
impairment in the context of other CNS diseases (e.g. schizophrenia, addictions), there is less
available data investigating their contributions in f&drg et al., 2016; Testa et al., 2019)

Animal models have been more widely utilized to investigate how the ECM, and in some cases
PNNs, might be impacted by AD pathophysiology and what their role mightthe

development of diseagathology In a transgenic line of mice expressing a mutant form of tau
protein (P301S), resulting in tauopathy and cognitive impairments such as diminished object

recognition, ChABC injections into the perirhinal cortex restabject memory to normal levels
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(S. Yang et al., 20155imilarly, transgeniattenuation of PNNs delayed the onset of memory
loss by several weeks in thisodel of tauopathySubsequent studies showed that administering
antibodies specifically targeting chondroitirsulfate (C4S), the more inhibitory form of CSPG
present in PNNsxtended longerm object recognition in wiltlype animals and reversed
deficits when administered to animals with an-Ak® phenotypdS. Yang et al., 2017 aken
together, these studies might suggest that PNN depletion could serve a beneficial role in

alleviating cognitive impairments in[A

In contrast to behavioural studies showing improved cognitive performance after PNN
degradation, neuroanatomical investigations suggest that maintaining PNN integrity may play an
important role in protecting neurons from ABlated pathology. Firstlgortical regions densely
populated with PNNs appear to be relatively spared by AD pathology compared to other cortices
(Bruckner et al., 1999a)n cultured cortical ngrons, the presence of PNNs is directly protective
agai nst Ab t-teatedowith ChABE todlegiade PIINs,ghese neurons are no longer
sparedMiyata et al., 2007)This protective role is particularly relevant when considering the
close relationship between PNNs and their most common host neuronal type, parvalbumin+ (PV)
inhibitory interneurons. PNNs are supportive of the high energy demands of these highly active
neurons and their dissolution makes PV+ interneurons particularly vulnerable to the reactive
oxygen species produced seen in @2abungcal et al., 2013; Solodkin et al., 1996)oss of
PV+ cells has been shown in numerous AD models but observations from humaropest
tissue are less clear, with decreases in PV+ celleinlentate gyrus but increases in piriform
cortex(Ali et al., 2019; Baig et al., 2005; Sabanchez et al., 2013, 2015; Takahashi.efallO;

Zallo et al., 2018)Functionally, the disruption of PV+ cellular activity has shown to lead to

imbalances in excitatory and inhibitory activity in the cortex that contributes tpabBology
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(Hijazi et al., 2020; ¥rret et al., 2012)0ne mechanistic link that could underlie the loss of
PNNs and PV+ disruption in AD is the activity of microglia, which modify and regulate the

integrity of PNNS(Crapser et al., 2020)

Microglia are importantegulators of PNN integrity in both the healthy and diseased
brain. Like PNNs, microglia have direct roles in modulating neuronal and synaptic elements and
contribute to learning and memdiZimore et al., 2018; Rice et al., 2015; Tremblay et al., 2011)
In damaged or diseased states microglia can remodel the ECM including\RaNtke;r
activation and secretion of matrix metalloproteinases which degrade ECM components
(Gottschall & Deb, 1996; Patel et al., 2013; ¢ml., 2018)A relationshp between microglia
and PNN integrity was recently demonstrated in the subiculum of 5XxFAD animals, where
chronic activation of microglia and PNN loss are both obsgi@eabser et al., 2020)
Pharmacologically depleting microgliagmented 5xFAD PNN loss in the subiculum, even
t h o u gptaquAshwere unaltered. Notably, many microglia in this study were also positive for
intracellular markers of PNNs, supporting their putative role in phagocytic clearance of cellular
debris and theicapacity to digest PNN components. Similar results were found when PNNs
were examined in human peasibrtem tissue from the subiculum, which had significant PNN

lossthatcorrelated inversely with plagque burd@rapser et al., 2020)

While disturbances in the ECM, PNNs, and microglia have been described in AD, the
progression and breadth of this degradation is not entirely clear. In the present study, we sought
to examine the integrity of PNNs in 5XxFAD miaeross five brain regionghe medial prefrontal
cortex, primary motor cortex, dorsal hippocampus, entorhinal cortex, and retrosplenial cortex.
Within these regions, we evaluated the brains of mideand 1imonths of agéo determine

whether PNN changes might parallel or diffiéth age accompanyintpe progressive
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d evel op meelated pattiology i 5xFAD animaMl/e took particular interest in the
progression of AD and the potential loss of PNNs within the mPFC and RSC, two regions of the
brain that might contribute to memyoimpairments seen in Alhe mPFC has been widely

studied in AD and other disease contexts for its role in working memory and its contributions to
integrating diverse sensory informati@isquetVerrier & Delatour, 2006; Granon et al., 1994;
Jobson et al., 2021; Mu et al., 2022; Shin et2420) Direct infusion ofA binto the mPFC

induces permanent deficits in working memory and reversal learning and impacts excitability
and plasticity within the regio(Bai et al., 2016; TorreBlores & PefiedOrtega, 2022)Numerous
other studies have linked mEKelated dysfunction in animal models of AD, including 5xFAD,

to the memory impairments these models present(@itlard et al., 2012; Q. Sun et al., 2022;

Tian et al., 2018)Similar to the mPE, healthy functioning of the RSC has been shown to be
involved in spatial and working memory procesgdém et al., 2020; Stacho & Manahan

Vaughan, 2022; Trask & Fournier, 20283iven the high deiity of PNNSs in this region, we took
interest tadeterminewhether it would be particularly resilient to Aglated pathology

(Carceller et al., 2022; Seeger et al., 1994)

We also evaluated a cohort of 5XFAD animals with-atohths of age on two cognitive
tasks, novel object recognition and spontaneous alternation, to determine whehardPiges
within these taslassociated regions might show common impairmdahipulations of the
mPFC have previously been shown to impact performance on spontaneous alternation tasks, but
the consequences for novel object recognition are less(Blelatour & Gisquewerrier, 1996;
Divac et al., 1975)Numerous studies have shown that in single trial novel object recognition,
manipulations of the mPFC may not impact performance, but more complex versions of the task

such as crossiodal object recognition can be impac(Barker et al., 2007; Mitchell &
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Laiacona, 1998; Paylor et al., 2018) the case of the RSC, manipulations have previously
shown to impact alternation behaviour and novel object recognition perforifutencandeta et

al., 2021, 2022; Kim et al., 2020; Nelson et al., 2015; Pothuizen et al.,. 2010)

Our results indicate that the loss of ECM integrity is widespread throughout the cortex of
5XFAD animals by 7 months of age, but tR&N deficits are regiespecific. In the moderate
(i.e., Fmonth)and later stages of disegse., 1tmonth) the primary motor cortex, CAl of the
dorsal hippocampus, and retrosplenial cqrtettike the mPFC and entorhinal cortad
significant loss bBPNNs In every region we observed significahBplaque deposition and
activation of microglia. Within the mPFC and RSC, there was no significant loss of PV+ cells
despite their close association with PNNs, but there were elevated markers of cell death,
particularly in later stages of disease. Behaviourally, animals with mogetthtelogypresented
with significant impairments in both spontaneous alternation and novel object recognition

memory when compared to WT controls.

Methods

SubjectsWe utilized 5xFAD mice and ag®atched WT mice (The Jackson Laboratory) on a
C57BL/6xSJLbackground.he phenotype and 5xFAD presentation of these animals has been
described previouslgOakley et al., 2006)After arrival, animals were housed in ventilated
plastic cags with food and water at libitum, on a-h2ur light/dark cycle. All animal procedures
were performed in accordance with the University of Alberta animal care committee's
regulations. A totabf n = 33 animals were utilized for these experimdnbs.the
immunohistochemistry experiments, a total of n = 23 animals were ditiize 15 animalsvere
euthanized af-months of agecohort and n = 8 were utilized for thé-month cohortAmong

those 23 animals) = 12 animals were wiltype genotype (mo, n = 8;11-mo, n = 4) anch =
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11 were5xFAD mutant genotype {iho, n = 7;11-mo, n = 4). For the behavioural studies, a
total of n = 10 animals were utilized. All animatsthe behavioural cohort were euthanized-at

months of ag€WT, n = 5; 5XFAD, n = 5)

Novel Object Recognition Tasko investigate noispatial cognitive memory, we performed the

novel object recognition (NOR) memory teBhis task was performed in a white acryl plastic
chamber (40cm I 40 cm I 40 c ntedorleday prioritoetife, a h
training where all the mice were exposed to the open field arena in the plastic box without

objects for 10mins for acclimatizatioburing the training session, mice were allowed to explore

freely and get acquaintedth two idertical objectsor 8min. After 24h postamiliarization,one

of the familiar objects was replaced with a novel object and the interactions of the animals with

these objects were recorded for 8midaly active exploration, defined as direct interaction with

the nose or vibrissae towards the object but not circling around the object, was included in the
analysisThe time spent exploring each object was recorded to evaluate the relative exploration

of the novel vs familiar object and was calculated as tledis mi nat i 0 Rortndid),i O : DR
whereinih0 r epresents ti me ,ewdiptl tolr @ nfga nmameixdaira veb | ed

represents total time spent exploring both objects.

Spontaneous alternatioBpontaneous alternation performance was conducted using a
symmetrical Y shaped maze composed of three arms with groove and wall (35L x 7W x 15H
cm). This test was conducted to investigate the willingness of an animal to explore a new
environment and spomtaous behavior of alternating to a new arm without entering the
previously visited arm utilizing spatial memory. In brief, each animal was introduced into the
center of the maze and allowed to explore freely for 8min during which the acquisition of total

number and pattern of arm entries were recorded using a video camera and analyzed. Arm entry
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was complete when the hind paws of the mouse had been completely placed in the arm.
Percentage of spontaneous alternation was calculated based on the numlzkisdhéiia
containing entries into all three arms divided by the maximum number of possible alternations

(total arm entries minus Z,2.2) i.e., percentage of spontaneous alternatiig#(Tna2).

Tissue CollectionFollowing behavioral testing, mice weedeeply anesthetized with isoflurane

and transcardially perfused with PBS followed by 4% paraformaldehyde using infusion pumps.
After perfusion, brains were extracted and stored in 4% paraformaldehyde at 4°@ayJater,
brains were transferred to 308tcrose for several days and then frozen in isopentane and

optimal cutting temperature (OCT) gel. Frozen brains were sectioned at 25 um on a cryostat.

Immunohistochemistrglides were warmed to room temperature for 20 min and then given three
washes irlX PBS for 10 min each. After which slides were incubated for 1 hour with 10%
Protein Block, Serunfree (Dako, Missisauga, ON) in 1X PBS. Slides were then incubated
overnight at room temperature with a primary antibody in a solution of 1% Protein Block, 1%
Bovine Serum Albumin, and 99.9% 1X PBS with 0.1% TritoA00. Primary antibodies were

as follows:mouse ant4G8(1:500,Biolegend, rabbit antiiBA1 (1:200; Dako) Wisteria
floribundaagglutinin (WFA; 1:1000; Vector Labs), rabbit aparvalbumin (1:1000; Swant);

mouse antNeuN (1:500Millipore). After overnight incubation, slides were washed three times,
twice in 1X PBS with 1% tweeB0 and once in 1X PBS. Slides were then incubfmedih with
secondary antibodies in antibody solution (as above). Secondary antibodies were as follows:
streptavidin 647 (1:200; Invitrogen), donkey amibuse Alexa Fluor 488 (1:200; Invitrogen),
donkey antirabbit Alexa Fluor 647 (1:200; Invitrogen),cadonkey antmouse 647 (1:200;
Invitrogen) After 1 hour incubation slides were washed again three times. For slides stained with

FluorojadeC (FJC), after secondary antibody incubation slides were transferred to a 1% NaOH
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and 80% ethanol solution for Simites. After that, they soaked in 70% ethanol for 5 minutes,

and then lastly distilled water for 5 minutes. Slides were then transferred to an FJC solution
(10mL stock solution of 0.01% FJC in distilled water) and 90 mL of 0.2% acetic acid) for 30
minutes Slides were then washed a final time in distilled water for 2 minutes. After the staining
process wasomplete (for all slides including those subjected to FJC), slides were mounted with
DAPI -diadqnilino@-phenylindole) in vectashield mounting medi(wector Labs,

Philadelphia, PA) and coverslipped.

Microscopy.Images were acquired using a Leica DMI6000B Microscope with LAS AF
computer software. Regions of interest were identified uslren Mouse Brain Atlas (Allen
Reference Atla§ Mouse Brain Available fromatlas.brainmap.org and selected based on
landmarkdn the DAPI nuclear staining patterfhe coordinates for eachgien were as follows:
Medial Prefrontal Cortex (+1.5 to +1.8 AP, 0.5 ML, 2.5 @DWth the imaging window aligned

to the midline and extendirgterallythrough all cortical layejs Primary Motor Cortex (+0.4 to
+0.8 AP, 1.5 ML, 1.0 DVwith the imaging widow aligned to thdorsal surface of the brain
and extendinglownthrough all cortical layejs Dorsal Hippocampus1.6 to-1.9 AP, 1.5 DV,
with the imaging window centered over the hippocampus); Entorhinal Ce2t&xtg-3.2 AP,

3.5 ML, 4.5 DV;with the imaging window aligned to thateral and ventral surfaces of the brain
extending in towards the midline); Retrosplenial Cort&x9(to-3.2 AP, 0.5 ML, 1.0 DVwith

the imaging window aligned to tli®rsal midline of the brain, extending laterally)l itnages
were captured at 5X magnification except for the dorsal hippocampus, which was captured at
10X magnification. For each animal, a total of 6 images were taken bilaterally in adjacent
sectionsA constant gain, exposure, and light intensity wasl @&eoss all animafer each

region and stain
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Image AnalysisAnalysis was completed on unmodified images by an observer blind to the
experimental condition of the tissue analyzed. For each region of interest, an imaging rectangle
was drawn over the gt area and the measurement area quantified for comparison. For all
stains mean brightness within the measureraazawas capturedviean brightness values were
normalized to the mean of each staining set to control for separate staining.@élbcsunts

for DAPI+, FIJC+ cellsand PV+ cellsvere performed using the Imagased Tool for Counting
Nuclei (Centre for Biemage Informatics, UC Santa Barbara, CA, USA) plugin for NIH ImageJ
software. PNN counts were conducted manually and identified loasaa evaluation of three

criteria: brightness, shape, and the presence of dendrites or an initial axon segment.

Statistical AnalysesAll data are presented as mean + SEM. Statistical analyses were conducted
in PRISM Software (Prism Software, Irvine, £and significance was set at p < 0.B6r all
immunohistochemistry,-&vay ANOVAs were conducted on the dependent variables with animal
age (7 month or 11 month) and strain (WT or 5FAD) as independent variableBoP astalyses
utilized Bonferroni correted ttests. For the behavioural tasks, unpairtssts were utilized to

compare outcomes between WT and 5xFAD animals at 7 months of age.

Results

In the present study, we utilized immunohistochemistry to evaluate the integrity of PNNs in
5xFAD mice infive brain regions over two tiragoints, 7months,and11-months of age, which
are representative of moderate and later stages of d{§sageet al., 2015; Devi & Ohno,

2016) Simultaneousl y, we aupeaesrend disedseprogresgiane e

across these same brain regions and IBA1+ microglia as a marker of neuroinflammatory activity.

We futher probed two regions, the medial prefrontal cortex and retrosplenial cortex to assess

markers of cellular death amor the presence of PV+ inhibitory interneurons, which are closely

of
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associated with PNNs. To determine whether PNN deficits within tegsenswas associated
with cognitive performance, we assessed animals on two behavioural measures, spontaneous

alternation and novel object recognition.

Behavioural tasksTo testa n i mmeimsnpperformance atmonths of age, we evaluated them

on two tasks: novel object recognition and a spontaneous alternation task. For the novel object
recognition task (Figure 1), we first evaluated total exploration time during the testing phase
whichwas unaffected by groufs=0.12 p > 0.05. However,5xFAD animals did show a

significant decrease in discrimination ratio for the novel object when compared to WT animals
(te=6.33 p < 0.01). For the spontaneous alternation task we evaluated totdderof arm

entries and spontaneous alternation events as a percentage of total entries (Figure 2). The total
number of arm entries did not differ significantly between WT and 5xFAD anf(iasd..73 p

> 0.09 but 5XxFAD animals did have a significant desgse in spontaneous alternation percentage
(Figure 2, bottom rightyg=4.85 p < 0.0J). This confirms that-monthold 5xFAD animals had

significant impairments on both tests of working memory.

Medial Prefrontal Cortex Immunostainingere we describe observations from our
immunostaining within the mPFEigure 3A)which included 4G&green) IBAL (red) WFA,

and PNN countéboth purple).

First, to evaluate the extent of amyloid plaque deposition we evaluated mean brightness of 4G8
(Figure 3B). A2-way ANOVA to analyze the effect of age and strain on-4@#hing intensity
showed a main effect of strajR(, 18y= 18.22,p < 0.001) but nomain effect of agen 4G8

staining intensityF, 18y= 0.004p = 0.94).There was no interacticbetween age and strgff,

18)= 0.66,p = 0.43).A posthoc comparison showed a significant increase in 4G8 staining

intensity in 5XFAD animals compared to WT ambnths of aget@s)=4.21,p < 0.01). While
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5xFAD animals also showed an increase in 4G8 staining intendifiyrabnths, this difference

was not significantt) = 2.17,p > 0.05).

Next, we evaluated IBA1+ microglia within the mPFC (Figure 3C2-vay ANOVA of age
and strain on IBA1 stainingtensity showeda significant main effect of straifrg, 18)= 4.94,p
= 0.04) but no main effect of agé{ 18y= 0.14,p = 0.71) and no interactio(F(, 18y= 0.002,p =
0.99). Poshoc comparisons did not show any significant differences at ettmemnihs

(t23=1.83,p = 0.16 or 11-months {7=1.39,p = 0.3 of age.

Lastly, © assess the integrity of the ECM, we evaluated WFA staining intensity and PNN counts
in medial prefrontal cortexA 2-way ANOVA of age and strain dWFA stainingintensity

(Figure 3D) showed significant main effect of straifr, 18)=6.78 p = 0.@) but no main

effect of ageK, 18y= 001, p=0.93), and no interactiofF, 18y= 050, p = 049). Posthoc
comparisonsshowed a significant decrease in WBH#ining in 5XFAD animals at 7 months
compared to WTtus)=2.74 p = 0.09. While there was a decrease in WFA atdnths of age

in 5XFAD animals, this difference was not significagi € 1.19,p = 0.50). Next, we evaluated
PNNs (Figure 3E) within the same region2Avay ANOVA of age and strain dANN count

showed namain effect of straifF(, 18)=0.31, p= 0.58 or age(F, 18y=1.36 p= 0.2, and no

interaction(F1, 18y= 0.36, p= 055).

Primary Motor Cortex Immunostaininglere we describe our immunostaining within the
primary motor corteXFigure 4A) which included4G8 (green), IBAL (red), WFAand PNN

counts(both purple)

First, we evaluated 4G8 mean brightness as a meafsaneyloid plaque deposition (Figure 4B).

A 2-way ANOVA of age and strain on 4&8aining intensity{Figure 4)showed a significant
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main effect of ageH(1, 18= 5.92 ,p = 0.03) and strainF(z, 18y= 129.10 p < 0.001) but no
interaction(F, 18y= 328, p = 0.09). Poshoc comparisons showed significant increases in 4G8
staining intensity in 5XFAD animals atriionths {13)= 7.920,p < 0.01) andL1-months of age
(t= 8.26,p < 0.01) There was also a significant increase in 4G8 stainiregsity from 7 to 14

months of age in 5XxFAD animalg:6) = 3.000,p = 0.046).

Next, we evaluated mean brightness for IBA1+ microglia (Figure 4@way ANOVA of age
and strain on IBA1 staining intensity showed a significant main effect of sk@jms(= 22.00,p
< 0.01) on IBAL1 staining intensity but no main effect of dge (s)= 2.36p = 0.14).There was
no statistically significant interactioifrg, 18y= 0.88,p = 0.39). Posthioc comparisons showed
significant increases in IBA1 stainingt@msity in 5XFAD animals at-ihonths {13= 3.11,p <

0.05) andL1-months of agetf) = 3.53,p < 0.01).

Lastly, we assessed both WFA mean brightness as a measure of ECM integrity and PNN counts.
A 2-way ANOVA to analyze the effect of age and straindRA staining intensityFigure 4D)
showeda significant main effect of straifr@, 18)= 28.27, p < 0.01)but no main effect ohge

(F@, 18=0.01, p=0.93) and no significant interactioffr(1, 18)= 0.68 p = 042). Posthoc

comparisons showed a sijoantdecreasén WFA staining intensity in 5xFAD animals

compared to WT at-fhonths of aget(3= 3.73 p < 0.01) andL1-months of aget)=3.85 p <

0.01).A 2-way ANOVA of age and strain dANN count (Figure 4E) in the primary motor cortex
showeda main effect of strai(F(1, 18y= 14.81, p < 0.0]) but not ag€F(1, 18)=1.89 p= 0.18.

There waso statistically significant interactioifrg, 18y= 0.83, p = 0.37). Posthoc comparisons

showed a significandecreasen PNN numbein 5XxFAD animals compared to WT ainfonths

of age {13)=4.03 p< 0.01). While there was a decrease in the number of PNNs in primary
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motor cortex of 5XFAD animals compared to WT atmidnths of age, this differee was not

significant(tz) = 1.81, p > 0.05).

CAL1 of the HippocampusimunostainingHere we describe immunostaining within thal
region of the hippocampyBigure 5A) which included4G8 (green), IBA1 (red), WFAand

PNN countgboth purple)

Firstly, we measured 4G8 mean brightness to evaluate amyloid plaque deposition (Figare 5B).
2-way ANOVA of age and strain on 4&8aining intensity showed a significant main effect of
strain 1, 18= 41.66,p < 0.01) on 4G8 staining fensity but no main effect of age({, 18)=

2.99p = 0.10)and no interactioF, 18)= 0.58,p = 0.45). Poshoc comparisons showed
significant increases in 4G8 staining intensity in 5XFAD animalsmabiiths {13 = 4.82,p <

0.01) andL1-months of agetf) = 4.47,p < 0.01).

Next, we evaluated the mean brightness of IBA1+ staining to assesfflammmation (Figure
5C). A2-way ANOVA to analyze the effect of age and strain on IBA1 staining inte(i&gure
5) showed significant main effect of straifr@, 1y= 51.41,p < 0.01) and ageH(1, 18)= 6.85,p =
0.02) on IBAL1 staining intensitigut no interaction(F, 18y= 3.65,p = 0.07). Poshoc
comparisons showed a significant increase in IBA1 staining intensity in 5XxFAD animals
compared to WT at-honths of agets) = 4.45,p < 0.01) andL1-months of aget{)=5.62,p <
0.01).We also observed a significant increase in IBA1 staining intensity fromoriths to 11

months of age in 5XFAD animalgi) = 3.16,p = 0.03).

Lastly, we assessed ECM integrity by measuring WFA mean brightness and evaluated PNN
counts within CA1 of thdaippocampus. A &vay ANOVA of age and strain on WFA staining

intensity (Figure 5D) showedl significant main effect of straifrg, 18y=19.5Q p < 0.01)but no
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main effect ofage F(, 18= 0.37, p = 055) and no interactiofF, 18y= 1.06 p = 0.32). Posthoc
comparisons showed a significalgcreasén WFA staining intensity in 5xFAD animals
compared to WT at-ihonths of agets) = 2.86 p = 0.0 and11-months of aget@) = 3.38 p <
0.01). A 2-way ANOVA of age and strain dANN count(Figure 5E) in the CAL region of the
dorsal hippocampushoweda main effect of strai(F(, 18y= 11.08 p < 0.0J) but not agdF, 1s)
=1.58 p=0.22 on PNN count. There was statistically significant irgraction E, 18y= 0.30,

p = 059). Posthoc comparisons showed a significdetreasén PNN numbein 5xFAD
animals compared to WT atriionths of aget@s) = 3.28 p < 0.01). While there was a decrease
in the number of PNNs in the CA1 region of the dorsal hippocampus of 5XxFAD animals

compared to WT at rinonths of age, this difference was not signifidani=1.72 p = 0.20.

Entorhinal CortedmmunostainingHere we desdne measures from our immunostaining within
theentorhinal cortex (Figure 6AWwhich included 4G8&green) IBAL (red) WFA, and PNN

counts(both purple)

First, we report measures from our 4G8 staining@-way ANOVA of age and strain on 468
staining intesity (Figure 6B)showed a significant main effect of straif(1s= 38.49,p <
0.01)but no main effect of agé1, 18y= 0.77, p = 0.39)and no interactiofF, 18)= 3.61,p =

0.07). Posthoc comparisons showed significant increases in 4G8 staining intensity in 5xFAD

animals at #months {13)= 3.57,p < 0.01) andL1-months of agetg) = 5.08,p < 0.001).

We next evaluated IBA1+ staining for mean brightnes2-wiay ANOVA to analyze the effect
of age and strain on IBA1 staining intengifygure 6C) showed significant main effect of
strain €, 18y= 15.09,p < 0.01) on IBA1 staining intensity but no main effect of dge (s)=
1.36p = 0.26)andno significant interactionK, 1y= 1.37,p = 0.26). Poshoc comparisons

showedno statistically significant changa IBAL staining intensity in 5xFAD animals
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compared to WT at 7 monthtg§) = 2.25,p = 0.07), but a significant increase 5xFAD animas

at11-month €7)=3.17,p = 0.0]) animals.

Lastly, we evaluated WFA mean brightness and PNN counts (Figure 7ID,tEg. entorhinal
cortex, a 2way ANOVA to analyze the effect of age and strainiRA staining intensity
(Figure 7D) showed significant main effect of strainH(, 18y= 13.47 p < 0.01) onWFA
staining intensity but no main effect of adei(18)= 0.01p = 092) and no interactioF(, 18)=
0.19 p = 0.67). Posthoc comparisons showed a significdatreasen WFA staining intensity
in 5XFAD animals compared to WT ainfonths of aget(3=2.68 p = 0.03 and11-months of
age {7 =2.57, p=0.03. A 2-way ANOVA of age and strain d@NN count (Figure 7B the
entorhinal cortexshowedno main effect of strai(F, 18y= 0.43 p = 0.52), age(F@, 18y= 0.07, p

= 0.79, and no interactiofF, 18y= 0.74, p = 040).

Retrosplenial CortekmmunostainingHere we describe measures from our immunostaining
within theretrosplenial cortex (Figure 7Ayhich included 4G&green) IBA1 (red) WFA, and

PNN counts l§oth purplée.

Within the retrosplenial cortex, agay ANOVA to analyze the effect of age astdain on 4G8
staining intensity{Figure 7B)showeda significant main effect of straifrg, 18y= 68.35,p <

0.01) on 4G8 staining intensity but no main effect of &ge )= 2.87 p= 0.11).There was
also a statistically significant interaction Wween strain and ad€ i, 18y= 5.92,p = 0.03). Post
hoc comparisons showed a significant increase in 4G8 staining intensity in 5XFAD animals
compared to WT at-fhonths of aget(s) = 4.94,p < 0.001) and11-months of agetg) = 6.63,p

< 0.0001).
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For IBA1+, a 2way ANOVA of age and strain on staining intengfygure 7C)showed a
significant main effect of strair(1, 18y= 12.57,p < 0.01) but no main effect of agé({ 18)=

0.41p = 0.53)and no significant interactioff(1, 18y= 0.97,p = 0.34). Poshoc comparisons
revealed no change in IBAL staining intensity in 5xFAD animals compared to WT at 7 months
(tes)=2.16,p = 0.09 of age, but a significant increaseliftmonth §-)=2.81, p=0.02

animals.

Within the retrosplenial cortex, a®ay ANOVA of age and strain dWFA staining intensity
(Figure 7D)showed was a significant main effect of strdtq,(1s)= 42.87 p < 0.01) onWFA
staining intensity but no main effect of ade:(18)= 0.36,p = 0.55). There was no significant
interaction(F, 18= 1.22 p = 028). Posthoc comparisons reveals@ynificant decreases in
WFA staining intensity in 5XxFAD animals compared to WT atahths {13)=4.61, p > 0.001)
and 1tmonths of agétz) =4.74 p < 0.001). A 2-way ANOVA of age and strain dANN count
(Figure 7E)in the RSCshoweda main effect of strai(F(., 189= 10.13 p = 0.009 but no main
effect of aggF(, 18y=0.81, p = 0.38 and no interactiofF 1, 18y= 0,06, p = 0.82). Posthoc
comparisons showed a significalgcreasén PNN numbein 5XxFAD animals compared to WT
at 7months of aget@s) = 2.56 p = 0.09. While therewas a decrease in the number of PNNs in
the retrosplenial cortex of 5XxFAD animals compared to WT ahafths of age, this difference

was not significanftz) = 2.09 p = 0.09.

ParvalbuminAnd FluorojadeC Immunostaining (mPFC and RSCh further probe two regions
of interest, the mPFC and RSC, we stained for PV+ inhibitory interneurons which are closely

associated with PNNs and fluoroja@e a marker for cell death.

Within the mPFCa 2way ANOVA of age and strain dAV cell count(Figure 8B)showed no

significant main effect of strairi(1, 14)= 0.53 p = 0.49 or age(F(, 18)= 3.35p = 0.09) and no
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interaction(F, 14)= 0.05 p = 0.82) between strain and age on PV+ cell codn-way ANOVA

of age and strain oRJC+ cell count (Figure 8Ghoweda main effect of strainF, 18y= 6.89 p

= 0.02 on FJC+ cell count but no main effect of §ge, 18y=1.77,p = 0.20) and no significant
interaction(F, 18)= 1.74 p = 021). Posthoc comparisons showed no significant differences in
FJC+ cell count in 5XxFAD animals atndonths(t(13)=1.07, p = 0.59 or 11-months of agét)=

2.49 p = 0.05) despite showing increases in counts at both time points.

Within the retrosplenial atex, a 2way ANOVA of age and strain dAV+ cell coun{Figure

8E) showedno main effect of strainK1, 14)= 0.06 p = 0.8]) or age(F(1, 18y= 021 p = 0.65) on
PV+ cell countThere was also no interacti@f, 14)= 0.24 p = 063). A 2-way ANOVA of age
and strain orrJC+ cell coun{Figure8F) showeda main effect of strainK(, 18y=27.52 p <
0.00)) and a main effect of ad€ (1, 18)= 15.12,p < 0.01) on FIC+ cell count. There was also a
statistically significant interactio¢(1, 18y= 17.08 p < 0.001). Posthoc comparisons showed a
significant difference between WT and 5xFAD animals airidhths of age (t(7) = 6.024, p <
0.01). There was also a significant difference between 5xFAD animals at 7 months and 11

months {13= 5.95,p < 0.01).

Confocal Imaging

To probe qualitative relationships between cell death, amyloid deposition, and inflammation, we
co-stained and performed high resolution confocal imaging within the RSC. A common pattern
among our observations was td&8+ plaques also featured RIC+ cell within theicore

(Figure 9A) suggesting amyloid accumulatiand cell death are associat@tis pattern was
inversely related to the distribution of NeuN+ cells, which vadrgenfrom areas withplaque
accumulationWe also evaluated the relationship between amyloid deposition and WFA+ PNNs

(Figure 9B) PNNSs rarely featured 4G8 accumulatiohim them, and inversely, patterns of
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4G8+accumulation within cellgvere rarely surrounded by a PNN. These observations are
consistent with prior I|Iiterature indicating t

accumulatior(Miyata et al., 2007)

Discussim

In the present studye utilized the 5xFAD mouse model of AD to determine the integfity
PNNsin five regions of the brain at and 1tmonths of age, which are representative of
moderate and severe stages of disease in these a(eal®t al., 2015; Devi & Ohno, 2016)

In parallel, we evaluated markersAbdeposition, microglial inflammation, cell death, and
parvalbumin interneurons. We also conducted two behavioural assays of memory in the
moderate disease cohort. Our behavioural data suggests thatdirs of age, 5XxFAD animals
present with significant impairment in novel objectagnition and spontaneous alternation.
Throughout the brains of 5XFAD animals, we identified PNN reductions animals that were
apparent at-months of age in the primary motor cortex, CA1l region of the dorsal hippocampus,
and retrosplenial cortéxbut wereunchanged in the medial prefrontal cortex or entorhinal
cortex. We observed significant elevationgddbdeposition and reductions in WFA labelling in
all five regions. Significant microglial reactivity was also detected in the primary motor cortex,
CAL region of the hippocampus, entorhinal cortex, and retrosplenial cortex. We also show
elevated cell death markers in 5xFAD animals in both the medial prefrontal cortex and
retrosplenial cortex. Interestingly, PV+ inhibitory interneutavisich are closely a®ciated with

PNNs were not altered in 5XxFAD animals at either time point.

Behavioural Observations
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Our behavioural assays show that-a@nths of age, 5xFAD transgenic animals had significant
impairment in novel object recognition and spontaneous alternation. This result is consistent with
previous literature reporting deficits in novel object recagnitis early as-fhonths of age in

5xFAD animalgFrydmanMarom et al., 2011; Grayson et al., 2015; Kim et al., 2020; Kim et al.,
2019; Kubota eal., 2016; Son et al., 2018 imilarly, previous studies have shown deficits in

the spontaneous alternation task with 5xFAD animals as &slynonths old, which

progressively worsen with agée Pins et al., 2019; Devi et al., 2015Gaamouch et al., 2020;
Jawhar et al., 2012; Oakley et al., 200B)ese memory impairments are likely reflective of
disrupted processing in tasissociated regions of the brain. In the context of the 5XxFAD model,

it is difficult to directly tie PNN da€its within certain regions of the brain to deficits in

cognitive performance given the significant and widespread burden of disease. Nonetheless, the
fact that we observed behavioural deficits in parallel to PNN deficits in the primary motor cortex,
dorsal hippocampus, and retrosplenial cortex, but not the medial prefrontal cortex or entorhinal
cortex is informative. To better discern the relationship between PNN deficits within specific
regions of the brain and cognitive performance, more targeted appsoto degrading PNNs in

an otherwise healthy state are far more informative.

Among the regional PNN deficits observed here, the deficits in the hippocampus and
retrosplenial cortex are particularly notable when considering our behavioural observations.
Hippocampal lesion studies have readily demonstrated its importance for successful
discrimination in object recognition tas{Sohen et al., 2013; Cohen & Stackman Jr., 20&5; d
Lima et al., 2006; Haijima & Ichitani, 2012%imilarly, inactivation of the dorsal hippocampus,
including focal inactivation of the CA1 region of the dorsal hippocampus, can impair object

recognition memory at 24 houfSohen et al., 2013; Hammond et al., 2004terestingly, recent
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work has demonstrated a role for PNisng with PV+ interneuronia a newly identified

critical period forepisodicmemory formatiorwithin CA1 of the hippocampu®&Ramsaran et al.,
2023) In this context, the matuian of PNNs facilitates a development switch in PV+ cells
towards sparse encoding that facilities competitive neuronal allocation and memory precision.
Depleting PNNs via genetic knockout or enzymatic degradation reverted PV+ activity to a more
juvenile ativity pattern and impaired memory precision in both fear conditioning and spatial
foraging tasksThese results would suggest that the PNN deficits observed here within CA1
could have a significant role in the cognitive deficits we observed. By corhrasgleof the

RSC in object recognition tasks has mixed evidence. Lesions of the RSC have been shown to
spare object recognition, whilst impairing objatiplace discrimination, which suggests it has
more involvement in allocentric memofignnaceur et al., 1997; Vann & Aggleton, 2Q02)
However, another study has shown that inactivation of the RSC can impair object recognition
memory at 24 hours artat the RSC shows elevated levels-6d< following the taskde

Landeta et al., 2020Evaluating the specific role of PNN loss within either the retrosplenial
cortex or dorsal hippocampus on memory is more difficult, given a lack of study within the
literature. However, PNN manipulation within other regions of the brain has been shown to
impact object recognition memory, often withproved task performancdn a maise model of

AD with excessive tau phosphorylation and impaired object recognition, injection of ChABC
into the perirhinal cortex to degrade PNNs improved object recogifitemy et al., 2015)
Similarly, in mice lacking Ctrllwhich is involved in PNN assemblgature PNNs fail to
developand longterm object recognition memory is enhan¢@dmberg et al., 2013The same
study showed similar effects after depleting PNNSs in the perirhinal cortex with direct infusions

of ChABC. Genetic ablation of the geAean which encodes the CSPG aggrecan, also results in
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depleted PNN levels braivide and enhanced object recognition men{&gwlands et al.,
2018) Together, these studies indicate that decreased PNN levelsmpubdeobject
recognition memory. In theontext of 5xFAD, this might mean that PNN loss unrelated to
memory dysfunctiomr eventhat PNN decreases are compensatory for diminished memory

function.

Studies investigating the relationship between PNN integrity and performance on
spontaneous altestion are limited compared to those evaluating object recognition. To our
knowledge, there are no studies demonstrating a direct effect on spontaneous alternation after
targeted depletion of PNNs. However, numerous studies have observed changes inmpegforma
in contexts where reduced PNNs are also observed. Animal models of chronic stress, chronic
pain, and sepsis all present with impaired spontaneous alternation paired and have decreased
PNN levels in certain regions of the bréile Aradjo Costa Folha et al., 2017; Tajerian et al.,
2018; Zhang et al., 2023pther studies utilizing lesion or inactivation models have probed the
neuroanatomical basis of spontaneous alternation and found it to require interaction across
numepous brain aread.alonde, 2002; Nelson et al., 2018Yith respect to the regions assessed
here, lesion and inactivation studies have consistently shown that damage to the hippocampus
results inimpaired spontaneous alternatidohnson et al., 1977; Kirkby et al., 1967; Means et
al., 1971, Stevens & Cowey, 1978ther studies havedtilighted the contributions of the
prefrontal, entorhinal, and retrosplenial cortices. In the mPFC, direct lesions to the cortical
region impair spontaneous alternat{@elatour & Gisquewerrier, 1996; Divac et al., 1979n
the RSC, temporary inactivation with muscimesults in significant impairment of spontaneous
alternation, but permanent lesions only result in mild impairrfiéglison et al., 2015; Pothuizen

et al., 2008)And in the entorhinal cortex lesions impair learned alternation, a form of the task
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where alternation is reinforced with rewards, but no effect is seen after combined excitotoxic
lesions of the entorhinal aradijacent perirhinal cortefdggleton et al., 1997; Ramirez & Stein,

1984) These studehighlight the distributed processing involved in spontaneous alternation,
which extends beyond just those regions discussed. With regards to our data, it is difficult to
attribute deficits in spontaneous alternation to any specific region with a PN, defdirectly

to PNNs themselves. Further studies examining targeted degradation of PNNs combined with
assessments of spontaneous alternation could better localize PNNs contribution to the behaviour.
Nonetheless, our data are consistent with prior tedrimpaired spontaneous alternation in

5xFAD animals. Our results join a growing body of evidence that observes PNN deficits and
impaired spontaneous alternation in parallel in contexts of disgagins et al., 2019; El

Gaamouch et al., 2020; Jawtsdral., 2012; Oakley et al., 2006)

Anatomical observations

Our data provide novel insight into the breadth and extent of PNN loss in the 5xFAD animal
model of AD. Across all five brain regions examined we saw reductions in-iMselled ECM
staining and in the primary motor cortex, CAl of the dorsal hippocampdisetasplenial

cortex, we saw significant decreases in PNN counts. Our observations join a limited set of
studies which have evaluated PNN densities in AD and models of the disease, often with mixed
results. In human AD, three prior studies have demdestidecreased PNN levels in the

cingulate, entorhinal, frontal and temporal cortices of humanrpodgem tissu¢Baig et al.,

2005; Crapser et al., 2020; Kobayashi et al., 1989; Pantazopoulos & Berretta J2@b&jrast

to those, othestudies evaluating PNN levels determined there was no change in PNN density in
the frontal or temporal cortex, similar to negative results reported from the cortex, striatum, and

thalamugBrickner et al., 1999; Morawskt al., 2010; Morawski et al., 201Z)ne possible
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explanatiorfor this inconsistency is the varied labelling methods for detecting PNNs used in
these studies (e.g., Wisteria floribunda agglutinin, Vicia villosa lectin, C§feGific

antibodies). Another factor could the inherent diversity present in humampogmsamples.
Interestingly, one consistent observation across humampmsem studies was that
phosphorylated tau+ neurons were rarely surrounded by a(MNfwski et al., 2012)While

we did not evaluate tau+ as it is not a feature of the 5XFAD model, our qualitative observations
were that PNNSs rarely featured awig-deposition within them, which is consistent with prior

studies showing neuroprotective properties of

In animal models of AD, observations of PNNs have also been mixed. Studies have
typically focused on the hippocampal formation arslilts vary by the model, age, and region
utilized. Our data adds a broader evaluation, showing PNN deficits in the primary motor cortex,
CA1 region, and retrosplenial cortex. These results join previous observations in the 5xFAD
animal model that PNNs areduced in the subiculum and visual cortex as earlyrasmths of
age, which persisted until 48onths of agéCrapser et al., 2020 other models of AD, the
impact on PNN integrity has been less clear. In the 3kDgnodel, PN deficits are observed
in the subiculum of 1-8nonth old mice, but there is no change in the visual c@daronillo et
al., 2022) In the Tg2576 model, two studies have shown decreases in dual PV+/WFA+ neurons
in regions of the hippocampus and another study has shown reductions in brevican, a CSPG core
protein, and the amount of &3AG chains present on brevicémo et al., 2010; Cattaud et
al., 2018; Rey et al., 2022Hlowever, a fourth study using Tg2576 mice showed no change in
WFA-labelling found in the parietal cortex between1Bimonths of ag@orawski et al.,

2010) PNN loss has also been reported in the somatosensory cortex 610Tgduse modal of

tauopathy at-6nonths of age, and this occurs in paralledysfunctionwithin PV+ interneurons
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and elevated expression of EGMgrading enzymes expressed by micro@liado et al., 2023)
Negative results of PNN changes have been reported in th&-ARPBuUse model of AD, where

PNNs in thehippocampus are unaffected ati@bnths of age, and in the perirhinal cortex-at 3
months of age in the P301S model. In the APP/PS1 model, significant increases in ECM proteins
were detected in the hippocampus-a@nths of age. These changes precededaryoid

plaque formation and paralleled the presentation of memory deficits in the transgenic animals
(Végh et al., 2014)interesingly, direct injections of ChABC into the hippocampus to show that

this could restore activity levels and memory performance in these animals. While there is a
significant diversity in the discussed results, our data and others establish that the 5xf&\D mo
presents with broad, but not global PNN deficits, with utility for investigating PNN deficits in

AD pathology.

It is of interest that in our study that despiductions in WFAabelled ECMthroughout
all five regions examined they did ratvays exhibit parallel reductions in PNN#is
discrepancy could suggest that PNNs are in fact resilient toefdded pathology and less
affected than the broader WHAbelled ECM. This suggestion would be supported within the
literature by studies demetrating protective effects of PNNs against-p&thology(Crapser et
al., 2020; Miyata et al., 200 NN-surrounded neurons rarely exhibit tau accumulation and
areas dense in PNNs are have been shown to be less affected Byidkher et al., 1999
Morawski et al., 2012)More direct evidence for these protective effects were shown in
hippocampal slice cultures, where neurons rarely internalize tau if surrounded by PNNSs, but this
protective effect is removed by digestion of PNNs with ChABGttkuset al., 2016)Similarly
effects have been shown in auttd cortical neurons witA btoxicity (Miyata et al., 2007)An

alternative explanationcalll be t he tempor al progression of
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The progression of Ab deposition in 5xFAD typ
structures first, before spreading throughout interconnected networks as the disease progresses
(Gal Canter et al., 2019; Oblak et al., 202A¥ such, seeing less severe markers of disease in

anterior regions like the medial prefrontal cortex relative to the hippocampus is not surprising.

Given this, the broader reductions in WHaheling we obserd might bea preceding step to

PNN loss, which show some resiliency in AD. It is possible that in later disease time points,

PNN disruption could progress into the mPFC as was demonstrated in other areas. Future studies
with greater temporal resolutiofi the two timepoints utilized here would be useful in

determining the resiliency of PNNs against AD pathology in the 5XxFAD model.

PNNs are most frequently observed surrounding PV+ inhibitory interneurons. These
neurons are a faspiking and metabolicalldemanding cell type that are thought to be critical in
regulating local cortical circuits. Here, data frorménth and 14monthold animals indicate
that PV+ interneuron densities were not affected by 5xFAD pathology, but there are numerous
caveats to iterpreting these observations. Firstly, densities alone may not be reflective of overall
PV+ neuron function as our outcomes were not sensitive to changes in cellular activity,
plasticity, or expressiorhis discrepancy between activity and expressiofilesas
demonstrated in a recent study of the rTg4510 mouse model of tauopathy showed that PNN
disruption was paralleled by dysfunctional activity of PV+ interneurons, but no alterations in the
expression of the sodium channel NaV1.1 or potassium chimB€elb (Kudo et al., 2023)

Secondly, in other disease conteitthas been demonstrated that PNN degradation renders PV+
cells vulnerable to subsequent disruption, which is consistent with their protective role on host
neurongCabungcal et al., 2013; Crapser et al., 2020; Hsieh et al., 2017; Miyata et al.,|2007)

a recent study of 5xFAD in the subiculum it was shown that PNN loss preceded PV+ cell loss
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and that the latter was not detectable at 11 months but W8sadnths of age, suggesting the

time points in our study may have preceded gross PV+ ce{@vapser et al., 2020The

reason for the delay between PNN and loss and PV+ cell loss is not yet clear, although prolonged
periods wihout the cellular support and neuroprotective properties provided by PNNs might

result in their dysregulation. In human AD, reports on PV+ cell integrity are limited and vary
based on the region examined. Studies examining the PFC, inferior tempopgl aadtgisual

cortex have reported no change in PV+ cell density inmostem tissu¢Hof et al., 1991;

Leuba et al., 1998thers studies have reported decreases in PV+ cell densities in the dentate
gyrus, CATCAZ2 of the hippocampus, as well as the frontal and temporal d@utaiket al.,

1987; Brady & Mufson, 1997)

In parallel to our assessments of the ECM we evaluated more typical markers of disease
progression irbxFAD animals, including\ bdeposition, IBA1+ microglia reactivity, and
markers of cell death. In prior literature examining 5xFAD aninfalgplague deposition is
detectable as early as 1.5 to 2 months of age, first appearing in deep layers of the cortex,
hippocampus, and subcortical structures, and by 9 months of age is present throughout the
neocortexForner et al., 2021; Gail Canter et al., 2019; Oakley et al., 2006; Oblak et al., 2021)
As A Bplaques develop, there are proportional increases in microgliosis andiesisand in
later stages of disease significant neuronal cell loss ocursdata is largely consistentth
these prior observations, with significakbdeposition, microglial reactivity, and cell death
present at-months and worsening by -tdonthsof age. In addition to calculating IBA1+
densities, qualitative observations from our imaging were that IBA1+ microglia presented in a
reactive state with more ameboid morphology, including a larger soma size arahids=l

processes. Reactive microgian secrete a variety of pnaflammatory factors, such as
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interleukinl binterleukin6, Tumor necrosis factatd, and extracel |l ul ar mat
enzymes, such as matrix metalloproteindkeake et al., 2000; Lorenzl| et al., 2003; &beét al.,

2021; Perry et al., 2010; Wang et al., 20¥5Jecent study showed that pharmacological

inactivation of microglia can prevent the degradation of PNNs in 5XFAD animals but the rate of

A bdeposition remained the saif@@rapser et al., 2020)n animals where microglia were not
manipulated, IBA1+ microglia had detectable levels of \A&telling for ECM markers inside

their cell bodies, indicating that microglia had engulfed the cleaved components of PNNs after
degradationTogether, these experiments show that microglia play a critical role in driving
ECM-degradation in the 5xFAD model. Given that microglia play an important role in human

AD progression, the 5XFAD model appears valuable in further exploring the relationship

between PNNs and microglia in the disease.
Consequences of PNN loss

PNNs play important roles in supporting ongoing cellular activity. In studies where PNNs are
degraded, host neurons undergo increased synaptic turnover and sensitization, increases in
exdtability, and altered connectivitfCarceller et al., 2022; Dityatev et al., 2007; Favuzzi et al.,
2017; Frischknecht et al., 200NNs also form an ionized buffer around neurons, which is
thought to contribute to maintainingnidiomeostasis around higkdgtive neurons like PV+
cells(Morawski et al., 2015)PNNs also confer neuroprotective properties onto host neurons. In
neur ons ri ch wi tedtoxicByPbBtshese pratectivapsopdrtiesmie eliminated
after treatment with ChAB@Mliyata d al., 2007) Similarly, PNNs have shown to be protective
against the effects of oxidative stress. In younger animals where PV+ cells are less frequently
surrounded by PNNs, oxidative stress is more consequential for PV+ cell health that in older

animab with mature PNN§Cabungcal et al., 201.3piven the high degree of oxidative stress
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observed in AD this indicates that PMNrrounded cells are more resilient to his pathology
(Christen, 2000; Hanget al., 2016) These studies demonstrate the importance of PNNs in the
limiting the dfects of notable pathophysiological mechanisms in AD. This is especially
important given their close relationship with PV+ interneurons, which a recent study has
demonstrated could play a more central role in the progression-pla#idlogy.Studies in te
hippocampus of APP/PS1 mice or somatosensory cortex of rTg4510 mice have shown that
inhibitory interneurons become hyperexcitable prior to any changes in excitatory pyramidal cells
(Hijazi et al., 2020; Kudo et al., 2023Jhese alterations in the hippocampus coincide with initial
impairments in spatial learning and memory and chemogenic inhibitiBl-efcells to reduce
excitability restores normal levels of PV+ cell activity and prevents memory impai(hhigai

et al., 2020) Importantly, preventing PV+ cell hyperexcitability in these animals also reduced
A Bplague deposition. This latter finding is of significant interest given that PNN degradation
can enhace the excitability of PV+ interneurofBityatev et al., 2007)These studies justify
further investigation intodw PNN disruption during AD might affect PV+ cell activity and the

progression of the disease.

Conclusion

PNNs are important plasticiyegulating structures in the mature CNS with neuroprotective
properties for the neurons they are hosted by. Theiidds® context of injury or disease can

result in aberrant neuroplasticity, disrupt the excitatory/inhibitory balance of cortical tissues, and
render certain cell types more vulnerable to pathophysiological insult. Our data demonstrates the
coincidence oWidespread ECM disruption, regik@pecific PNN disruption, and cognitive
impairment in two memokryelated tasks in the 5XFAD model of AD. This model could be

utilized to further probe the temporal and mechanistic relationships between PNN degradation
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andthe progression of an Allike phenotype in these animals. We suggest further investigation
in the earliest stages of disease development to discern whether PNN related changes could

impact plasticity and excitability in the etiogenic stages of disease.
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Figure 2.1. Object recognition is impaired in 5XFAD animals.(A) A schematic representation
of thenovel object recognitiotask. Animals were placed in an arena with two identical objects
and allowed to freely explore for 8 minutes. After 24h gastiliarization, animals were +e
introduced into the arena but with one familiar object replaced with a novel one. In healthy
animals, a preference to expéthe novel object is typically demonstrated. (B) Graphical
representation of behaviour fom7onthold WT and 5xFAD animals. Total exploration time
(shown top) did not significantly differ between WT and 5xFAD animals (C) 5xBAibhals

had significantly lower discrimination ratios for the novel object after 24 hggirs 6.33, p <

0.01). This indicates a deficit in memory performance in 5xFAD animals as assessed on this task.
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Figure 2.2. Spontaneous alternation is impaired in 5XxFAD animals(A) Schematic
representation of the spontaneous alternation
number of arm entries. While 5xFAD animals showed less arm entries overall, thisnddéfere

was not significant. (C) 5xFAD animals did show significantly reduced spontaneous alternation
behaviour within the ¥maze {=4.85 p < 0.01). This indicates that 5XxFAD animals exhibit a

deficit in working memory as assessed on this task.
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Figure 2.3. The medial prefrontal cortex of 5XFAD animals has elevated amyloid

deposition, reactive microglia, and reduced WFA staining of the ECM but no deficits in
PNNs. (A) Representative images of immunostaining for 4G8 (green), IBA1 (red), and WFA
(purple). (B) An ANOVA on 4G8 staining intensity showed a neffect of strain(F(, 18)=

0.66,p < 0.09, but no main effect of age and no interaction. fhostcomparisons showed a
significant increase in 4G8 deposition between WT and 5xFAD animalmanths of agét.3)
=4.21,p<0.01) (B) An ANOVA on IBA1l staining intensity show a main effect of stréfig,

18)= 4.94,p < 0.09 but no main effect of age and no interaction. However ;ipost

comparisons did not show significant differences between groups at either time point. (D) An
ANOVA on WFA staining intensity showed a main effect of st{&n, 18y= 6.78 p < 0.05) but

no main effect of age and no interaction. Comparisons showed a significant decrease in 5xFAD
animals at fmonths of agét3)=2.74 p < 0.05) (E) Lastly, we assessed PNN counts which
showed no main effect of strain or age, and no interaction. Data @serts Mean + SEM.
Scale bar represents 250n (*, p< 0.05, **,p< 0.01).
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Figure 2.4. The primary motor cortex of 5XFAD animals has elevated 4G8 staining,
inflamed microglia, and reduced WFA staining and PNNs(A) Representative images of
immunostaining for 4G8 (green), IBA1 (red), and WFA (purple). (B) An ANOVA on 4G8
staining intensity showed a main effect of sti@p, 18)= 129.10 p < 0.001) and a main effect
of age(F(, 18y= 5.92 ,p < 0.05 but no interactionPosthoc comparisons showed significant
increases in 4G8 staining intensity in 5XxFAD animals-atonths {13)= 7.920,p < 0.01) and
11-months of agetf)= 8.26,p < 0.01) There was also a significant increase in 4G8 staining
intersity from 7 to 1imonths of age in 5XFAD animalg.6) = 3.000,p < 0.05). (C) An ANOVA
on IBA1 staining intensity showed a main effect of st(&ia, 18y= 22.00,p < 0.01)but no main
effect of age and no interaction. Subsequemparisons showed sifijoant increases in IBA1
staining intensity in 5XFAD animals atriionths {13= 3.11,p < 0.05) andL1-months of agetg)

= 3.53,p<0.01).(D) An ANOVA on WFA staining intensity showed a main effect of strain
(F@, 18y=28.27 p < 0.01)but no main effect of age and no interactiBosthoc comparisons
showed a significardecreasén WFA staining intensity in 5xFAD animals compared to WT at
7-months of aget@s = 3.73 p < 0.01) andL1-months of agetf) = 3.85 p < 0.01).(E) Lastly,

we compared PNNs between the groups which showed a main effect o{fstrasy= 14.81 p

< 0.09 but no main effect of age and no interaction. Data presentation as Mean + SEM. Scale
bar represents 250 (*, p< 0.05, **, p< 0.01, *** p< 0.0001).
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Figure 2.5. Within CA1, 5xFAD animals have elevated amyloid deposition, inflamed
microglia and exhibit a loss of WFA straining and PNNs(A) Representative images of
immunostaining for 4G8 (green), IBA1 (red), and WFA (purple). (B) Comparing 4G8 staining
intensity within the CA1 with an ANOVA showed a main effect of st(&im 18)= 41.66,p <
0.01)but no main effect of age and no irstetion.Posthoc comparisons showed significant
increases in 4G8 staining intensity in 5XFAD animals-aionths {13)= 4.82,p < 0.001) and
11-months of agetf) = 4.47,p < 0.001).(C) Analysis of IBA1 staining showed a main effect of
strain(F, 18y= 51.41,p < 0.01)and agdF, 18)= 6.85,p < 0.09, but no statistically significant
interaction.Posthoc comparisons showed a significant increase in IBA1 staining intensity in
5XFAD animals compared to WT atriionths of agetfs) = 4.45,p < 0.001) and11-months of

age {(»=5.62,p < 0.0001). We also observed a significant increase in IBA1 staining intensity
from 7-months to 1dmonths of age in 5XFAD animalg:6) = 3.16,p < 0.05). (D) A comparison

of WFA labelling showed a main effect of str:, 18y= 19.5Q p < 0.01)but no main effect of
age and no interactioRosthoc comparisons showed a significdetreasén WFA staining
intensity in 5XFAD animals compared to WT ambnths of aget@s)=2.86 p < 0.06) and11-
months of agetf) = 3.38 p < 0.01).(E) Lastly, we assessed PNNs where an ANOVA showed a
main effect of strairiF, 18y= 11.08 p < 0.0J) but no man effect of age and no interactidPost
hoc comparisons showed a significdetreasén PNN numbein 5xFAD animals compared to
WT at 7months of agets)= 3.28 p < 0.01). Data presentation as Mean + SEM. Scale bar
represents 250m (*, p< 0.05, **, p< 0.01, ** p<0.001, **** p< 0.0001).
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Figure 2.6. The entorhinal cortex of 5XxFAD exhibits increased amyloid deposition, reactive
microglia, and reduced WFA labeling of the extracellular matrix but no change in PNN
density. (A) Representative images of immunostaining for 4G8 (green), IBA1 (red), and WFA
(purple) within the entorhinal cortex. (B) An ANOVA on 4G8 staining intensity showed a main
effect of strainF(, 18)= 38.49,p < 0.01)but no main effect of age dmo interactionPosthoc
comparisons showed significant increases in 4G8 staining intensity in 5xFAD animals at 7
months {13)= 3.57,p < 0.01) andL1-months of aget§) = 5.08,p < 0.01).(C) An ANOVA on

IBAL staining intensity showed a main effect of sti@p, 18y= 15.09,p < 0.01)but no main

effect of age and no interaction. (D) An ANOVA on WFA straining intensity showed a main
effect of strainF, 18y= 13.47 p < 0.01)but no mén effect of age and no interactidhosthoc
comparisons showed a significalgcreasen WFA staining intensity in 5xFAD animals
compared to WT at-fhonths of aget(13=2.68 p < 0.06) and11-months of aget@) = 2.57, p <

0.06). (E) Lastly, we evaluated PNNs, where an ANOVA showed no main effect of strain, age,
and no interaction. Data presentation as Mean + SEM. Scale bar represants(250 < 0.05,

** p<0.01).
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Figure 2.7. The RSC of 5XxFAD animals displg elevated amyloid deposition and reactive
microglia and decreased WFA labeling and PNNgA) Representative images of
immunostaining for 4G8 (green), IBA1 (red), and WFA (purple) within the entorhinal cortex. (B)
An ANOVA on 4G8 staining intensity withithe RSC showed a main effect of stréi, 18)=
68.35,p < 0.01) but no main effect of age and no interactidasthoc comparisons showed a
significant increase in 4G8 staining intensity in 5XxFAD animals compared to Winhahths of
age {13 =4.94,p < 0.001) and11-months of agetg) = 6.63,p < 0.0001). (C) Next we compared
IBAL staining with an ANOVA which showed a main effect of sti@&p, 18y= 12.57,p < 0.01)

but no main effect of age and no interactiBosthoc comparisons revealed change in IBA1
staining intensity in 5XFAD animals compared to WT at 7 morths= 2.16,p > 0.05) of age
(D) An ANOVA on WFA staining showed main effect of stré, 1= 42.87 p < 0.01)but no
main effect of age and no interactiétosthoc comparisons revealsgynificant decreases in
WFA staining intensity in 5xFAD animals compared to WT at 7 moriths< 4.61 p > 0.001)
and 1tmonths of agét7) = 4.74 p < 00001). (E) Lastly, weassessed PNNs where an ANOVA
showed a main effect of strajR, 18)= 10.13 p < 0.0J) but no main effect of age and no
interaction.Posthoc comparisons showed a significdetreasén PNN numbein 5xFAD
animals compared to WT atriionths of aget@s) = 2.56 p < 0.06). Data presentation as Mean +
SEM. Scale bar represents 350 (*, p < 0.05, ***, p < 0.001, ****, p< 0.0001).
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Figure 2.8. Evaluation of cell death and PV+ interneurons in the mPF@nd RSC. (A)
Representative immunostaining of FJC (top) and PV+ (botiotte mPFC(B) An ANOVA

on FJC+ cells identified with the mPFC showed a significant main effect of &ais)= 6.89

p = 0.02 but no main effect of age and no interaction. Despite a noticeable increase in FJC+
cells in 12monthold 5XFAD animals, this difference was not significant. (C) An ANOVA on

PV+ interneurons showed no main effect of strain or age, and no interactiongalthVv+
interneurons did appear to decrease with age in both groups. Data presentation as Mean £ SEM.
Scale bar represents 10M. (D) Representative immunostaining of FJC (top) and PV+ (bottom)

in the RSC. (F) Within the RSC, an ANOVA showed significaain effect of strairfF (., 18)=

27.52 p<0.0) and agdF, 18=15.12,p < 0.0]), and a significant interactidifr(, 18y= 17.08

p <0.01). Posthoc comparisons showed a significant difference between WT and 5xFAD

animals at 1dmonths of agetf) = 6.024,p < 0.01). There was also a significant difference

between 5xFAD animals at 7 months and 11 moriths< 5.95,p < 0.01). (F) Across all groups
animals appeared to show similar amounts of PV+ interneuron labeling. An ANOVA on PV+

cell couns showed no main effect of age, strain, and no interaction. Data presentation as Mean +
SEM. Scale bar represents 300 (****, p< 0.0001).
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Figure 2.9. Qualitative evaluation of immunostaining.(A) Representativénmunostaining of

FJC (green) for cell death,e®dN (red) for neurons, and 4G8 (purple) for amyloid plaque

deposition. Qualitative observations shovtieat dying cells were frequently identifiable in the

central mass of amyloid plagues. Amyloid plaques afgmeared to carve out spaces devoid of

NeuN+ stainingyellow bars indicate the positions of FIJC+ cel{B) Representative

immunostaining for DAPI cell nuclei (blue), IBA1+ microglia (red), amyid&posits (green)

and WFA (purple). PNNs rarely featurathyloidb accumul ati on within the
4G8+ cells were rarelgbserved to be surrounded by a PNN. Plagues did often exhibit proximity

to IBA1+ microglia, however.
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Chapter 37 Impaired cognitive function after perineuronal net degradation in themedial

prefrontal cortex
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Abstract

Perineuronal nets (PNNs) are highly organized components of the extracellular matrix that
surround a subset of mature neurons in the central nervous system. These structures play a
critical role in regulating neuronal plasticity, particularly during neevetbpment. Consistent

with this role, their presence is associated with functional and structural stability of the neurons
they ensheath. A loss of PNNs in the prefrontal cortex has been suggested to contribute to
cognitive impairment in disorders suchsafizophrenia. However, the direct consequences of
PNN loss in medial prefrontal cortex (mMPFC) on cognition has not been demonstrated. Here, we
examined behavior after disruption of PNNs in mPFC of LBagns rats following injection of

the enzyme Chonditmase ABC (ChABC). Our data show that ChAB@ated animals were
impaired on tests of object oddity perception. Performance in themmdal object recognition

task was not significantly different for ChABi@eated rats, although ChABit=ated rats wer

not able to perform above chance levels whereas control rats were. ChABC treated animals were
not significantly different from controls on tests of prepulse inhibitionsk#ting, reversal

learning, or tactile and visual object recognition memorytiRwsous immunohistochemistry
confirmed significantly reduced PNNs in mPFC due to ChABC treatment. Moreover, PNN
density in the mPFC predicted performance on the oddity task, where higher PNN density was
associated with better performance. These findinggest that PNN loss within the mPFC

impairs some aspects of object oddity perception and recognition and that PNNs contribute to

cognitive function in young adulthood.
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Introduction

Perineuronal nets (PNNs) are highly organized components of the extracellular matrix that
surround the cell body, proximal dendrites, and initial axon segment of mature central nervous
system (CNS) neuror{slockfield & McKay, 1983; Wang & Fawcett, 201Jhese structures

play a critical role in the regulation of neuronal plasticity in the @Ri&zorusso et al., 2002;

Sorg et al., 2016PNNs act as a physical barrier to structural changes in the neurons and also
stahlize the functional properties of these neurons. Consistent with this, PNNs are sparse early in
development when plasticity is generally at its highest and increase throughout the postnatal
lifespan, particularly following critical periods of plasticitylauney et al., 2013; Pizzorusso et

al., 2002) Within these periods, cortical tissue undergoes dramatictgtal reorganization of
neural connectivity in response to the appropriate stin{tdaasch, 2005)These changes are
followed by a period of synaptic pruning, and then stabilization of the networkdomg In line

with a role in regulating plasticity, PNN expsés increases at the closure of these critical
periods and degradation of PNNs caiopen these windows of heightened plasticity in

adulthood(Lensjg et al., 2017; Pizzorusso et al., 2002)

Several recent studies suggest that PNNs are reduced in theqytahn tissue of
patients suffering from CNS disorders such as schizophrenia, epdepsgd, Al zhei mer 6s
(Baig et al., 2005; Berretta et al., 2015; Bitanihirwe & Woo, 2014; McRae & Porter, 2012;
Okamotoet al.,1994; Pollock et al., 2014hn schizophrenia, poshortem analyses of the
prefrontal cortex, amygdala, and superior temporal cortex suggest reduced PNN density
(Enwright et al., 2016; Mauney et al., 2013; Pantazopatlat, 2010) This finding has been

replicated in animal models of the disease and coincidesvattiedvelopment of cognitive

impairment(Paylor et al., 2016; Steullet al., D17) Postmor t em anal ysi s of Al

(o
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patients has also revealed deficits in PNNSs in the frontal(Béig et al., 2005; Briickner et al.,

1999; Morawsket al.,, 2010) Mor eover, PNNs protect against
loss may render neurons particularly vulnerable to the disease pat(@kayoto, Mori, &

Endo, 1994)PNN loss and the degradation of extracellular matrix components have also been
implicated in epileptogenesid the maintenance of seizures in epildpdyRae & Porter,

2012; Pollock et al., 2014yVhile this observational evidence is a compelling indicator that

PNNs are involved in CNS disorders, our currentausthnding of their functional significance

is limited. Studies that show coincidental PNN loss and behavioral disturbances are intriguing,

but do not necessarily implicate the loss of PNNs as sufficient for causing cognitive dysfunction.

We have previaosly observed a reduction of PNNs in medial prefrontal cortex (mPFC) of
the offspring of rats exposed to polyl:C during pregnancy (Paylor et al., 2016). As an extension
of these findings, the present study examined cognitive function after targeted redti€thdNs
in the mPFC of rats using Chondroitinase ABC (ChABC). ChABC catalyzes the breakdown to
glycosaminoglycan subunits of chondroitin sulfate proteoglycans (CSPGs), which are the
primary component of PNN®rtckner et al., 1998; Crespo et al., 200/h)is treatment has been
used extensively to degrade CSPGs in PNNs and the surrounding interstitial Featroett,

2015) After injection, we assessed cognitive function using tasks where performance is impaired
in the offspring rats subjected to polyl:C during pregnancy, including altered object oddity
preference, recognition memory, sensorimotor gating, and cognitive flexibilitgl{gehg and
reversallearningBal | endi ne et al ., 2015; Bi ssonette
Hernandez et al., 2016; Lins et al., 2018; Yang et al., 20%¥d)found that ChABC treatment

reduced overall extracellular matrix staining within the mPFC as well as a reduced density of

PNNs. These cellular changes were associated with impaired performance on an object oddity

/
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task, and performance at chance levels in a task measuringrawdas obgct recognition.
Interestingly, linear regression showed that PNN density predicted performance on the oddity
task. Conversely, PNN digestion did not affect performance on measures of prepulse inhibition,
setshifting, reversal learning, or tactile anduas object recognition memory. Thus, our findings
support a nuanced effect of degrading mPFC PNNs on cognitive functions related to

schizophrenia.
Methods

SubjectsAdult male Long Evans rats (n = 80; 3860 g; Charles River Laboratories, Kingston,

NY, USA) were used for all experiments. After their arrival, animals werehpaised in

ventilated plastic cages and left undisturbed for 1 week with food andadhliertum (Purina

Rat Chow). A 12:1-h lighting cycle was used with lights on at 7:00am. Arlgweere given
environmental enrichment in their home cage in the form of a plastic tube throughout the
experiment. Following acclimatization, animals used for operant conditioning were maintained at
90% of free feeding weight and singly housed to ens@r@pipropriate amount of food was
consumed by each rat in the home cage after behavioral testing. All animal procedures were
performed in accordance with thimiversity of Saskatchewamnimal care committee's

regulations.
Behavioral Measures.

All rats werehandled for at least 5 min/day for 3 days before behavioral testing. They were also
habituated to transport in an elevator from the vivarium to the testing rooms. Rats were randomly
assigned to one of two groups for behavioral testing. Group 1 had ChABENbmfused into

mPFC prior to testing two weeks later on prepulse inhibition (PPI), the wradal object
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recognition (CMOR) battery, and the oddity task. Group 2 was food restricted and then trained to
press levers for food reward in the operant caomilg chambers. After passing sd#tifting (SS)

Train (see below), ChABC or PEN was infused into mPFC. Two weeks later, the rats were
retrained on the SS Train-@Bdays) and then tested on visual cue discriminatiorshsging,

and reversal learning.

Prepulse Inhibition (PPI): PPl measures the percent attenuation of motor response to a startling
tone when that tone is preceded by a brief prepulse. TwioA&Rstartle boxes (San Diego
Instruments, San Diego, CA, USA) were used. Each session had a cbaskgmbund noise (70

dB) and began with 5 min of acclimatization, followed by 6 paleae trials (120 dB, 40 ms).
Pulsealone (6 trials), prepulse alone (18), prepulse + pulse (72), and no stimulus (6) trials were
then presented in a pseudorandom orfddgwed by 6 additional pulsalone trials. Prepulse +

pulse trials began with a 20 ms prepulse of 3, 6, or 12 dB above background (70 dB). Prepulse
pulse intervals (time between the onset of the prepulse and the 120 dB pulse) were short (30 ms)
or long(50, 80, or 140 ms). The inté&mal interval varied randomly from 3 to 14ldowland et

al., 2012; Lins et al., 2017)

CrossModal Object Recognition (CMOR) Battery: This task uses spontaneous exploratory
behavior to assess visual memory, tactile memory, and uesctde sensory integration

(Ballendine et al., 2015; Winters & Reid, 2010he testing apparatus was ssNaped maze

with 1 start arm and 2 object arms (@7 cm) made of white corrugated plastic. A white plastic
guillotine-style door separated the start arm from the object arms, and Velcro at the distal end of
the object arms fixed objects in place. A removable, clear Plexiglas barrier could be inserted in
front of the objects. A tripod positioned above the apparatus held a video camera that recorded

the task activity. Rats were habituated to the apparatus twice for 10 min. Lighting alternated
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during habituation between white light (used during visual )as® red light (used during

tactile phases) for 5 min each with the order counterbalanced, and the clear barriers were in place
for one day of habituation and removed for the other with order counterbalanced between all rats.
Test days consisted of a 3msample phase with two identical copies of an object attached with
Velcro to the maze, a 60 min delay, and then a 2 min test phase with a third copy of the original
object and a novel object placed in the maze. Rats began each phase in the start arm; the
guillotine door was opened and closed once the rat entered the object arms. This task consisted
of 3 distinct tests performed on 3 separate days: tactile memory (day 1), visual memory (day 2)
and crossnodal memory (day 3). Red light illuminated thefaci phases al |l owi ng
behavior to be recorded while preventing the
removal of the clear barriers allowed for tactile exploration. White light was used during visual
phases, but clear Plexiglas barrigr$ront of the objects prevented tactile exploration. CMOR

had a tactile sample phase (red light, no barriers) and a visual test phase (white light, clear
barriers). Recognition memory was defined as significantly greater exploration of the novel

object han the familiar object. Video recordings of behavior were manually scored by
investigators blind to the treatment status of the rats and identity of the objects. Novel object
preference was reported as a discrimination ratio (time exploring novel bibjee exploring

familiar object)/(total time exploring both objects) of the first minute of the test phase.

Oddity Discrimination: The oddity discrimination test measures object perception using
presentation of 3 copies of one object and a fourth distimct 6 o d {Bartko di l..e200({)

The testing apparatwgas a square arena (60 x 60 x 60 cm) constructed of white corrugated
plastic with Velcro in each of the 4 corners. Following two days of habituation to the arena (10

min sessions), the test day was conducted. On test day, 3 identical objects and rem aliffe
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6odddé object made of glazed ceramic (a round
plastic (a square Lego statwue, 5.5 cm (w) x 7
activity were recorded for 5 min using a video camera mountdte ceiling. The odd object

and its location was counterbalanced among the rats in both treatment groups. Object exploration
times were hand scored by an investigator blind to the treatment status of the rats. Object
examinati on wa s sfacewas triented tevbarl the @bjeat a & "daximum

distance of 2 cm. Odd object preference was reported as a percentage of the total time exploring

the odd object. Note that 25% is chance performance in this task (Lins et al., 2018).

Operant SeBhifting Task (OSST): Eight operant conditioning chambers (MedAssociates
Systems, St. Albans, VT, USA) in souattenuating cubicles were used. The chambers
contained two retractable levers and two stimulus lights positioned on either side of a food port
used to dever food rewards (Dustless Precision Pellets, 45 mg, Rodent Purified Diet; BioServ,
Frenchtown, NJ). A 100 mA house light illuminated the chamber. Sessions began with levers
retracted and the chamber in darkness (itniak state), with the exception tdver training days

in which the trial began with levers exposed to allow for baiting with ground reward pellets. Rats
were tested once each dagver training Rats were trained to press the levers as described
previously and immediately after reachingarion, side preference was determiiiEbbresco et

al., 2008; Thai et al., 2013; Y. Zhang et al., 20¥23ualcue discriminationRats were trained

to press the lever indicated by a stimulus light illuminated above it. Trials (every 20 s) began
with an illumination of one stimulus light, followed 3 s later by the house light and insertion of
both levers. A correct press of the lever underneath theirlkted stimulus light caused

retraction of both levers and the delivery of a reward pellet. The house light remained

illuminated for an additional 4 s before the chamber returned to theriadestate. An incorrect
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press returned the chamber to themttial state (all lights off) with no reward. Failure to press a
lever within 10 s of their initial insertion was scored as an omission and the immediate return of
the chamber to the intéral state Strategy seshift (shift to response discriminatiphe

visuakcue rule from the previous stage was reinforced with 20 trials where the rat was required
to press the lever below the illuminated stimulus light. Subsequently, rats were required to
change their response from the visual cue to a spatidtreiéever opposite to their side

preference, regardless of whether the stimulus light was illuminated) to receive a reward pellet.
Reversal learningRats were required to press the lever opposite to the one rewarded during set
shifting. Criterion was 1@onsecutive correct responses for each testing day and errors for each
testing day were coded as described previoii8tyresco et al., 2008; Thai &, 2013; Zhang et

al. 2012) Rats were tested for a minimum of 30 trials per day and a maximum of 150 trials per
day. If a second day of testing was required, trials per criterion were calculated as the sum of the

trials completed on all testing dafgs a given discrimination.

mPFC Infusions of ChABC or Penicillinase (PER)ior to and during the procedure, rats were
anesthetized with the inhalant anesthetic isoflurane (Janssen, Toronto, Qbdpekratevely, all

rats were administered a 0.5 mg/kdpsutaneous dose of the analgesic Anafen (Merial Canada
Inc, QC). After animals were positioned in the stereotaxic apparatus, the scalp was cut and
retracted to expose the skull. Holes were drilled above mPFC and injectors made from 35Ga
silica tubing (WPJ Sarasota, FL) glued to PID tubing were inserted bilaterally to the following
coordinates: anteroposterior (AP) +3.0 mm; lateral (L) 0.7 mm; dorsoventral (DV) 4.4 mm
relative to bregma. Either ChABC (100 units/ml) or PEN (100 units/ml) was infusedlffDih)

for 2 min at DV coordinategt.4 mm,-4.2 mm, and3.9 mm (total infusion volume 0.6 ul/side).

Injectors were left in place for an additional 6 min to allow for diffusion of the solution away
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from the last infusion site. Injectors were then slokynoved, the holes filled with bone wax,

and wound was closed with stitches.

Tissue CollectionFollowing behavioral testing, rats were deeply anesthetized with isoflurane
and transcardially perfused with PBS followed by 4% paraformaldehydein&isgon pumps.
After perfusion, brains were extracted and stored in 4% paraformaldehyde at 4°@aydater,
brains were transferred to 30% sucrose for several days and then frozen in isopentane and
optimal cutting temperature (OCT) gel. Frozen braiesaensectioned at 25 pm on a cryostat. For
cFos staining, animals (PEN = 8, ChABC = 8) were {padused 100 minutes after assessment

on the oddity object task.

Immunohistochemistrglides were warmed to room temperature for 20 min and then given three
washes in 1X PBS for 10 min each. After which slides were incubated for 1 hour with 10%
Protein Block, Serunfree (Dako, Missisauga, ON) in 1X PBS. Slides were then incubated
overnight at room temperature with a primary antibody in a solution of 1% Prdosik, B%
Bovine Serum Albumin, and 99.9% 1X PBS with 0.1% TritoA00. Primary antibodies were
as follows: Mouse antChondroitin4-Sulfate (C4S; 1:400; Millipore, Etobicoke, ON), Wisteria
Floribunda Agglutinin (WFA; 1:1000; Vector Labs, Philadelphia)RAouse antParvalbumin
(1:2000; Swant, Switzerland), rabbit aR@rvalbumin (1:1000; Swant, Switzerland); rabbit-anti
IBA1 (1:200; Dako, Mississauga, ON); mouse #BEAP (1:200; Sigm&ldrich, Oakville,

ON); cFos (1:400; Cell Signaling, Whitby, ONyjouse antiGAD67 (1:400; Millipore,
Etobicoke, ON); antGephryin (1:500; ThermoFisher; Rockford, IL). After overnight
incubation, slides were washed three times, twice in 1X PBS with 1%-@@and once in 1X
PBS. Slides were then incubated for 1h wihandary antibodies in antibody solution (as

above). Secondary antibodies were as follows: Streptavidin 647 (1:200; Invitrogen, Burling,



99

ON), Donkey antiMouse Alexa Fluor 488 (1:200; Molecular Probes, Eugene, OR), Donkey anti
Rabbit Alexa Fluor 647 (1:2Q0Molecular Probes, Eugene, OR), and Donkey-iiatise 647

(1:200, Molecular Probes, Eugene, OR). After 1 hour incubation slides were washed again three
ti mes and mo un t-dadidime2-phenyliDddlP)lin vectashielddmounting medium

(Vector Labs Philadelphia, PA).

Microscopy Images were acquired using a Leica DMI6000B Microscope with LAS AF
computer software. The mPFC was identified using The Rat Brain in Stereotaxic Coordinates
and selected based on landmarks in the DAPI nuclear staininghg&aeinos & Watson, 2007)
The mPFC was identified between +2.76mm and +3.24mm anterior to Bregma with the imaging
window aligned to the midline and extemgl through cortical layers-@. All imaging was

captured at 10X magnification with a total of 6 images taken bilaterally in adjacent sections
(~250um apart). Images from the primary somatosensory jaw (S1J) area were also taken from
within the same slice@lirectly lateral) as images of the mPFC, as a control region outside of the
targeted injection area. A constant gain, exposure, and light intensity was used across all
animals. Gephyrin and Neuronal Nuclei (NeuN) confocal imaging was conducted ona LEIC
SP5 Confocal microscope. For each animal, four 2x2 tile scans were conducted at 25X

magnification over the mPFC.

Image analysisAnalysis was completed on unmodified images by an observer blind to the
experimental condition of the tissue analyzed. Galints for DAPI+, IBA+, PV+, d~os+ cells

and Gephyrin+ puncta were performed using the Integped Tool for Counting Nuclei (Centre

for Bio-image Informatics, UC Santa Barbara, CA, USA) plugin for NIH ImageJ software. PNNs
were counted manually using Imadg€ell Counter function. For cell specific Gephryin+ puncta,

4 cells were selected per image from each quadrant (total number of cells analyzed = 229). For
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PV+ immunofluorescence and GAD67 colocalization, an overlay for all PV+veetks

generated usinthe ImageJ Analyze Particles function and mean brightness values taken from
both PV+ and GAD67+ channels within cell marked areas. A second analysis for P\-+ and ¢

Fos+ cell density and colocalization was conducted using a custom automated detection script
Python (Python Software Foundation. Python Language Reference, version 2.7. Available

at http://www.python.org). For all images a standard rectangular area was drawn over the region
of interest, spanning cortical layers1within which cells were ideified and measurement
parameters kept constant. For each stain measurements of mean brightness within the area were

also taken. Quantification of densities are expressed as a 100x100 micron square ()0000um

Statistical Analyse®\ll data are presented anean = SEM. Statistical analyses were conducted

in PRISM Software (Prism Software, Irvine, CA) and significance was set at p < 0.05. For
experiments in Figure-2 and 67, unpaired studentgésts were used to compare PEN to

ChABC. Simple linear regressms were used to examine the predictive value of behavioural
performance on PNN densities. For Figure 4, away ANOVA of Treatment Group and

Prepulse Intensity was conducted to probe deficits in prepulse inhibition. In Figure 5, in addition
to unpairecstudents-tests, we utilized onsample itests against chance performance to probe
animals performance on object recognition. One sariplgts to chance performance are
frequently used in behavioral neuroscience to determine whether performargieest group

differs significantly from chanc@Gervais et al., 2016; Jacklin et al., 2016; Lins et al., 2018)
Results

Perineuronal Nets & Interstitial MatrixTo confirm the degradation of CSPGs and PNNs after
treatment with ChABC, we stained with Chondro#iSulfate (C4-S), a marker for cleaved

components of CSPGs, and Wisteria Floribunda Agglutinin (WFA), a mankérdd@SPGs that
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preferentially labels PNNs (PEN = 40, ChABC = 40). Treatment with ChABC did not alter total
cellular density (Figure 1. E) in the mPRGA=0.37,p = 0.72). Staining intensity for-@-S was
significantly greater in ChABC treated anim#igan controls (Figure 1. Fze=12.56,p <

0.0001). ChABC treatment induced a significant reduction in WFA staining intensity (Figure 1.
G: t77=4.83,p < 0.0001) and a reduction in PNN density within the mPFC (Figure 2. E;
t(77=6.403,p < 0.0001). A= control to demonstrate selective digestion of PNNs at the site of
injection, we assessed the same measures in the S1J, lateral from the mPFC, from within the
same tissue slices. Within the S1J, total cellular density was not altered by ChABC treatment
(Figure 1. Ejt76=1.327,p = 0.19). C4S staining intensity (Figure 1.t#¢=0.07,p = 0.94) and

WEFA staining intensity (Figure 1. Gyes=1.03,p = 0.30) within the S1J were also unaffected by
ChABC treatment. We also visually inspected slides antefittre mPFC, including the frontal
association cortex and regions of the orbitofrontal cortex and found no signs of elevated C4S or
reduced WFA staining intensity. Similarly, there was no overt C4S or WFA alterations posterior

in regions such as the hipgompus (data not shown).

Parvalbuminexpressing (PV+) InterneuronBNNs most frequently surround PV+ inhibitory
interneurongHartig et al., 1992)To assess whether changes in PNNs were paralleled by cellular
loss of these inhibitory interneurons, immunostaining for an antibody specific to PV+ was
performed (PEN = 40, ChABC = 40). Despite the close association between PNNs and PV+
inhibitory interreurons, the total density of PV+ cells was unchanged (Figure@2:#0.74,p =

0.46). However, the percentage of PV+ cells surrounded by a PNN was significantly reduced in

ChABC treated animals (Figure 2. {37=2.71,p < 0.01).

GADG67 ExpressionTo assess whether ChABC affected the integrity of PV+ cells,

immunostaining for GAD67+, a critical GABA synthesis enzyme present in PV+ cells, was
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performed along with PV+ staining (PEN = 16, ChABC = 16). Across all images there was no
difference between PE&hd ChABC groups in terms of the number of cells analyzgg1.28,
p=0.21). PV+ fluorescence within PV+ cells did not differ between groups (Figure 3. F;
to=1.17,p = 0.25). Similarly, ChABC treatment did not result in an overall change in GAD67+

fluorescence from within PV+ cells (Figure 3.1%3¢=0.99,p = 0.33).

Gephryin+ PunctaTo further examine the cellular consequences of ChABC treatment, we
assessed Gephryin, a major scaffolding protein at inhibitory synapses, to determine whether PNN
loss resulted in changes in inhibitory connectivity (PEN = 8, ChABC Wa&hin the mPFC, the

total number of Gephryin+ puncta was not affected by ChABC treatigepri (30,p = 0.22).

Next, we assessed Gephryin+ puncta colocalized with NeuN, a markezuronal cells. A total

of 229 cells were analyzed (avg = 14.31 per animal) and measured cell size did not differ
between PEN or ChABC animalg:4=0.27,p = 0.82). The number of Gephyrin+ puncta

colocalized with NeuN did not differ between groupg (e 3. Hit14=0.67,p = 0.51)

Immune Cell Labelinglo assess the degree of reactive inflammation to the injection of ChABC
or PEN, immunostaining for IBA1+ microglia and GFAP+ astrocytes was performed (PEN = 16,
ChABC = 16). Intensity of IBA1+ immunofluorescence was not altered by ChABC, (Figure 4.

C; t30=0.50,p = 0.61) but IBA1+ microglia cell density was significantly increased in treated
animals (Figure 4. Di30=2.31,p < 0.05). Treatment with ChABC did not significantly alter

GFAP+ immunoreactivity (Figure 4. E30~0.28,p = 0.79).

Prepulse Iibition. To assess whether PNN degradation resulted in deficits in sensorimotor
gating, rats were tested on a (PPI) task using the presentation of acoustic Rtiswshowed a
robust startle response to presentation ofdl2@ones in all treatment grps (PEN = 25,

ChABC = 24). We observed a main effect of pulse blogkiglh= 56.65,p < 0.0001) indicating
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habituation of the startle response over the testing session. ChABC treatment resulted in a
marginally increased startle response but this eff@stnot significant (fr,141)= 3.20,p = 0.08).

Rats in both treatment groups displayed greater PPI for trials with louder prepulses (Figure 4. B).
A main effect of prepulse intensity k1= 35.44,p < 0.0001) confirmed this observation

(Figure 4. B. There was no main effect of treatment with ChABC on prepulse inhibitiom{f

= 0.01,p = 0.93) and no interaction between prepulse intensity and treatngeni)F0.25,p =

0.78). Linear regression was used to investigate the relationshipelpe®MN density and

prepulse inhibition for 12 dB prepulses but no significant relationship was detBtted.01,p

= 0.91)

CMOR.To assess whether PNN degradation affected recognition memory we assessed rats on a
CMOR task (PEN = 20, ChABC = 23). Bothogips showed similar levels of total object
exploration during the sample phases of all three tests (tactile: PEN=43.02+2.44 s,
ChABC=47.57%3.12 s; visual: PEN=7.92+0.68 s, ChABC=7.92+0.50 s;-orodal:
PEN=46.14+3.69 s, ChABC=42.74+3.12 s; statistidsshown). In the tactile object recognition
testing phase, both groups had similar total exploration time of the objects (Figure 6. B;
tus=1.31,p = 0.26) and discrimination ratio for the novel object was not affected by treatment
(t46=0.32,p = 0.75).0One sample-tests revealed that rats in both groups displayed a preference
for the novel object significantly greater than expected by chance t(i2E8.80,p<0.001;
ChABC(23=8.59,p<0.001). In the visual object recognition testing phase, both groups had
similar total exploration time of the objects (Figure 6.tGs¢€0.21,p = 0.83) and discrimination
ratio for the novel object was not affed by treatments=0.19,p = 0.85).Rats in both groups
displayed a preference for the novel object significantly greater than expected by chance (one

sample ttests, PEN(23=1.97, p=0.03; ChAB@23=2.35,p = 0.01). In the CMOR testing phase,
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bothgroups had similar total exploration time of the objeig£1.54,p = 0.87). When
comparing the discrimination ratio for the novel object, rats treated with ChABC were not
significantly different than control rats (Figure 6.tR21=0.86,p = 0.39).However, a

comparison against chance showed that PEN rats performed significantly better than to be
expected if rats had no recollection of the objects (one sargsé t19)= 2.80,p = 0.01)
whereas rats treated with ChABC did not perform signifigangfter than chancés)=1.39,p

= 0.09). Linear regression did not reveal significant relationships between PNN density and
performance on visual, tactile, or cross modal object recognition (Figur&gviBual:R? =

0.02,p = 0.37; tactileR? = 0.01,p = 0.62; CMOR:R? = 0.02,p = 0.44).

Oddity TaskAs a second assessment of recognition memory function, rats (PEN = 8, ChABC =
8) were tested on an oddity task to determine if ChABC treatment impaired the ability to
perceive and maintain repeggations of odd stimuli in their environmemhere was no

difference between total time exploring the objects for PEN or ChABC grawys0(04,p =

0.96). When the percentage of exploration for the odd object was evaluated, ©fe&B(@ rats
spent gnificantly less time inspecting the odd object compared to the duplicate objects than
PENtreated rats (Figure 7. Bj4=2.55,p < 0.05). Linear regression analysis identified a
significant relationship between PNN density and the odd object prefeneinath groups

(Figure 6. CR?>=0.36,p < 0.05).

Rats evaluated on the oddity task were perfused 100 minutes after completion of the test
to permit analysis of-€os immunoreactivity as a marker of neuronal activity in the mPFC (PEN
= 8, ChABC = 8). Tretment with ChABC did not significantly alter the total number-&fos+
cells (Figure 8. Ft14=0.33,p = 0.75) nor was there a change in the intensityleds+

immunofluorescence in the cell soma (Figure 814=0.56,p = 0.59). However, a compaois
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of the number of PV+ cells that-¢ocalized with eFos+ immunoreactivity in ChABC animals

relative to controls approached statistical significance (Figure t3.452.10,p = 0.054).

SetShifting & Reversal Learnind.o determine if animals treatedtivChABC had deficits in
cognitive flexibility and learning, rats were assessed Hsisfting and reversal learning
paradigms. Rats in both groups (PEN, n=15; ChABC, n=16) had similar trials to reach criterion
for the setshifting task {(29/=0.16,p = 0.87) and a similar number of total erroise{=0.16,p =

0.87). Comparison of perseverative errors only revealed no significant differences between
treatment groupg$e=0.51,p = 0.61) nor did they differ statistically in regressive errors
(t(29)=0.8, p = 0.42). A simple linear regression was utilized to determine the relationship
between PNN density and total errors committed in thelgéitng task but no relationship was

found (%= 0.03,p = 0.34)

With regards to reversal learning, both P@N16) and ChABC (n=16) rats required a similar
number of trials to reach criteriot6=0.34,p = 0.74) and committed a similar number of total
errors {(29=0.04,p = 0.97). Errors committed by the two groups also did not differ when
subdivided into peseverative errord§s=0.57,p = 0.57) or regressive errog§=1.22,p =

0.23). A simple linear regression was utilized to determine the relationship between PNN density
and total errors committed. There was a weak negative relationship betweeteRsity and

total errors, but this effect was not significaRt £ 0.10,p = 0.08).
Discussion

Here, targeted delivery of ChABC was used to degrade CSPGs and PNNs in the mPFC of
adult rats. Immunohistochemistry confirmed that ChABC treatment elevatethgtior G4-S

stubs, the cleaved disaccharide components of PNNs, and decreased WFA staining, a marker for
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CSPGs in the extracellular matrix. The density of PNNs was significantly decreased in mPFC by
ChABC treatment. There was no change in the dens®vefinhibitory interneurons, but the

number of PV+ cells surrounded by a PNN was reduced. Furthermore, PV+ cells also had no
change in the fluorescence of PV+ protenf,as+, gephyrin or GAD67. ChABC treatment
significantly increased the density of IBAIricroglia within the mPFC. Notably, PNN loss in

the mPFC was accompanied by behavioral impairments in an oddity task and in CMOR, whereas

prepulse inhibition, sethifting, and reversal learning were unaffected.

Perineuronal Nets & Cognitive Function

Thebattery of tasks used in the present study was developed from previous research
conducted to assess behavioral effects in the offspring of rats subjected to treatment with polyl:C
during pregnancy. As the offspring of polyitf2ated dams display alteredHavior in these
tasks (Howland et al. 2012; Zhang et al. 2012; Ballendine et al. 2015; Lins et al. 2018) and have
reduced PNNs in mPFC (Paylor et al. 2016), we reasoned it would be valuable to assess behavior
in the same tasks following ChABC infusionsymung adulthood. In general, behavior of the
PEN-treated rats was similar to that previously reported for these tasks (Ballendine et al. 2015;
Marks et al. 2016; Lins et al. 2018); thus, we are confident in our testing protocols for these
groups of ratsChABC did not significantly affect PPI or alter the startle response. Although the
mPFC is involved in the modulation of PPI in rats, an array of other brain areas are also involved
(Swerdlow et al., 2001)herefore, it is likely that the relatively subtle manipulation of mPFC
PNNs we performed was insufficient to disturb the global activity of this circuit. Previously,
deficits in frontaldependent object recognition tasks, including objegtlace and ®OR, were
observed in the male offspring of polyl:C treated dams (Howland et al. 2012; Ballendine et al.

2015). Other tasks, such as object recognition or the tactile and visual variants of the CMOR
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battery, were unaffected (Howland et al. 2012; Ballendirad. 2015). Lesions of the

orbitofrontal, but not mPFC, cortex impair performance of the CMOR(Rekl et al., 2014)

As a result, it was somewhat unexpected that injections of ChABC into inijaed

performance of CMOR. Reconciling the effect of mPFC ChABC injections on CMOR with the
lack of effect on the operant conditionibgsed discrimination, sehifting, and reversal

learning task battery is also difficult. In particular, temporargtimation of the mPFC impairs

the setshifting aspect of the task (Floresco et al. 2008). Thus, given the relatively subtle nature
of the observed impairment of CMOR following mPFC ChABC injection, replication in future
studies is important. The circuitimyvolved in the object oddity task is incompletely

characterized, although no study to our knowledge has directly implicated the mPFC in this task.
Previous work has shown the involvement of lateral cortical regions including perirhinal cortex
in object odlity tasks (Bartko et al. 2007). As mPFC interactions with the perirhinal cortex are
necessary for some object memory tasksnnesson, 2004it is possible that interactions

between these areas are also involved in the oddity task. However, this speculation will need to

be tested directly.

These data contribute to a growing body of literature that suggests PNNs play an
important role in cognitiveunction. PNN loss is associated with behavioral changes in several
brain disorderg§Pantazopoulo& Berretta, 2016)but relatively few studies have directly
examined the effect of targeted PNN degradation on cognition. PNN degradation in the mPFC
was recently shown to decrease the frequency of inhibitory cuoettsnPFC pyramidal cells
and imp& cocaineinduced conditionegblace preference memog8laker et al., 2015)

Consistent with or findings, PNN degradation was not associated with elevated network activity

as indicated by the density ofos+ cells, but the number offos+ cells ensheathed by a PNN
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was decreased. These findings differ from the trend towards elevRtesd-@xpresion in PV+
inhibitory interneurons observed in our data. Elevatedin PV+ neurons is consistent,

however, with recent data showing ChABC treatment in the anterior cingulate cortex increased
the fast rhythmic activity of GABAergic interneurof$teullett al., 2014) Interestingly, PNN
degradation by genetic knockout of RN component Cartilagienk-1 protein or with ChABC
treatment into the perirhinal cortex enhanced object recogriRomberg et al., 2013)

Similarly, genetic depletion of Tenasdiy a PNN component, improved performance in reversal
learning and working memory paradigihorellini et al., 2010) In contrast, genetic knockout

of TenascinC produced deficits in hippocampddépendent contexallmemory(Strekalova,

2002) These discrepancies may be explained by differences in the method and location of PNN
manipulation, the memory task studied, and the time course of degradatiorhawititzé
assessment. Memory impairment due to PNN disruption using ChABC depends on the timing of
treatment in relation to memory formation. For example, removal of PNNs within the basolateral
amygdala impairs conditioned fear memories but only if givear po fear conditioning and
extinction(Gogolla et al., 2009)Conversely, removal of PNNs within the basolateral amygdala
impairs drugassociated memories, but only if given after memory ftiomaut prior to
extinction(Xue et al., 2014)Slaker et al. (2015) found that that WFA intensity after ChABC
injection into the mPFC was reduced 3, 9, and 13 days following treatment but not at 30 days
(Slaker et al., 2015whereas PNN density was only significantly reduced 3 daysimestion

and returned to control levels by 9 days. Conversely, our data shows that PNN density and WFA
labelling intensity is still significantly reduced ~ 25 days pogtction. These differences might

be explained by animal strain differences (Sprague Dawley vs-Ewgags rats in our study) or
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injection volume (0.6 pl total volume vs. 0.6 pl/side in oudgjuas ChABC concentration used

were similar (0.09 units/pl vs 0.1 units/pl in our study).

Functional Consequences of PNN Degradation

The effects of PNN degradation on neuronal structure and function are still poorly
understood but can be considered gifiof known PNN functions, including: (1) the regulation
of GABAergic transmission, (2) restriction of neural plasticity, and (3) protection from oxidative
stress and other environmental factors. PNNs are most frequently associated with PV+ fast
spiking GABAergic inhibitory interneurons. PV+ cells typically express the potassium channel
KV3.1b, which is thought to give rise to their rapidly repolarizing action potentials. PNNs are
thought to support these highly metabolically active neurons by actingudfees of excess
cation changes in the local extracellular sp@tatig et al., 1999)The loss of PNNs has also
been suggested to disrupt ion homeostagiscantribute to changes in functional activity of host
neurons (e.g., hyperexcitabilitgriickner et al., 1993PNNs are important regulators of
receptor function and localization on interneurons. During periods of elevated activity, synaptic
glutamate AMPA receptors become desensitized and are exchanged for naive receptors from the
extrasynaptic podHeine et al., 2008 PNNs restrict this procesalJowing for desensitization of
synapsesgFrischknecht et al., 2009pegradation of PNNs might contribute to the hyper
excitability in neuronal cells that previously hosted PNNs. This is consistent with previous
findings that ChABGreatment increases the firing rate of inhibitory interneu(Bityatev et
al., 2007; L. Liu et al., 2023PDur cFos immunolabeling did not conclusively identify increased
immediate early gene activity PV+ cells in ChABGtreated rats following the oddity task, but
a comparison of the number of PV+ cells expressiRgs (relative to controls) approached

statistical significancep(= 0.054).
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PNNs also play a critical role in the regulation of neptasticity, as evidenced by their
role regulating critical periods of heightened plasticity during develop(&ent) et al., 2016;
Takesian & Hensch, 2013\ otably, PV upregulation denotes the onset of critical periods and
theappearance of PNNs expression indicates the closure of critical p@hebdio et al., 1994,
Hensch, 2005; McRae et al., 2007; Takesian & Hensch, 2018)aturity, the degradation of
PNNs can reopen critical periods of elevated structural and functional plas{i@ibgolla et al.,
2009; Pizzorusso et al., 200RJoreover, genetic knockouts that disrupt PNNs (e.g. Cartilage
link protein 1) can permanently delay the closure of the critical period and maintain a juvenile
state of elevated plasticity well into adulthd@hrulli et al., 201Q)Outside of critical periods,
PNNs maintain similar plasticitgestricting properties. The degradation of PNNs with
microinjectons of ChABC enhances spine dynamics in hippocampal pyramida{@disdo et
al., 2012) Similarly, injections of ChABC into the visual cortex of adult mice can enhance spine
dynamics and corbute to long term functional synaptic plasticjtle Vivo et al., 2013;
Pizzorusso et al., 2008)Vhile digestion of PNNs in mPFC in our study was associated with
varying degees of impairment on cognitive tasks, we did not evaluate markers of neuroplasticity
and it remains to be determined if CSPG digestion induced aberrant neuroplasticity that

contributed to these deficits.

Finally, PNNs may be protective against oxidastess and other pathological processes
in CNS diseas@Vorawskiet al., 2004; Suttkus, Morawski, et al., 201f@stspiking PV+
interneurons are highly susceptible to oxidative stress and their association with PNNs is
protective in immature and mature PV cémbungcal et al., 2013; Suttkus et al., 208 2kus
et al., 2012)While it has not been directly demonstrated that PNN degradation in otherwise

healthy animals results in oxidative stress injury, their loss may render neurons morttsescep
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to insult or disease. A recent study analyzed numerous genetic and environmental animal models
of schizophrenia and identified oxidative stress in PV+ interneurons as a common feature in 12
of 14 models evaluatg®teulletet al., 2017)PNN loss was also present in 12 out of 14 of those
models. While we did not detect overt loss of PV+ interneurons, increased oxidative stress in

PV+ cells after PNN digestion could contribute to altered cognitive performance.

PNNSs in CNS Disease

Our findings contribute to a growing body of literature that implicates PNNs and their
l oss in the symptomatology of CNS disorders
(Baig et al., 2005; Berretta et al., 2015; Bitanihirwe & Woo, 2014; McRae & Porter, 2012;
Okamotoet al.,1994; Pantazopoulos & Berretta, 2016; Pollock et al., 2014; Winship et al.,
2018) Decreased PNN density in the prefrontal cortex, sopemporal cortex, and amygdala
has been reported in pasiortem tissue from patients diagnosed with schizoph(&meright et
al., 2016; Mauney et al., 2013; Pantazopoeloal., 2010) The loss of PNNs in the mPFC has
also been recapitulated in animal models of sctimmmpa(Paylor et al., 2016; Steullet al.,
2017) Our finding that PNN loss oadisrupt performance on the CMOR task are of particular
importance in this context, as polyl:C affected animals present with a CMOR (&dilkeéndine
et al., 2015)In schizophrenia, disturbances to the litiory system have been reported,
including loss of PV+ expression and GAD67, the GABA synthesis en@dynveright et al.,
2016; Glausier et al., 2014; Kimoto et al., 2014; Volk et al., 2008PG digestions with
ChABC did not induce significant changes in PV+ or GAD67+ fluorescence within PV+ cells.
ChABC digestion induces a transient loss of CSPGs and PNNs, and it ey bitered PV
and GADG67 expression in schizophrenia may results from chronic absence of PNNs around PV+

cells. Conversely, PNN decreases in schizophrenia may be the result of long term, developmental
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dysregulation of PV+ cells which also disrupts thethgaexpression of PV and GAD67.

Similarly, we did not detect significant changes in the density of Gephyrin+ puncta, which can

be used to identify the presynaptic terminals of inhibitory synapses in the CNS. This suggests
that our ChABC injections did ngrossly modify the number of inhibitory synapses. However,

our measurements are only sensitive to a net gain or loss of inhibitory synaptic contacts, and not
changes to the turnover rate. Previous studies using in vivo imaging have shown that ChABC can
destabilize dendritic spines and increase their motility while not affecting the net number, length,

or volume(de Vivo et al.2013)

Conclusion

Our findings demonstrate that ChABC degrades PNNs and the interstitial matrix of the
extracellular matrix in the mPFC. The loss of PNNs was associated with impairment in oddity
object identification and object recognition memory. Ehisdings contribute to growing body
of literature suggesting that PNNs play an important role in healthy cognitive function and may
have relevance for brain disorders (e.g., schizophrenia) where the pathology includes a loss of
PNNSs. While the mechanisrby which PNNs are reduced in these diseases is not well
understood, interventions that target the loss of PNNs or stimulate their development could

reduce cognitive impairment in neurodevelopmental or neurodegenerative diseases.
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Figure 3.1. ChABC treatment increases C4S staining for cleaved CSPG stubs and decreases
WFA expression of the extracellular matrix.Representative images of DAPI (A), C4S (B),
WEFA (C), and merges images (D). Within the mPFC, Rigldted and ChAB@eated animals

had no difference in total cellular density (E). PEN animals had minimal expression of C4S for
cleaved CSPG stubs but after ChABC treatment this significantly increased (F). There was also a
significant reduction in WFA expression in ChABi@ated animals (G). Similar analysis of the

S1 (middle panels) of the same tissue slices from-B&Med and ChAB@reated animals

revealed no differences in C4S or WFA consistent with the localized injection and degradation
we observed. Higher magniéition images (left) images are 100x100 um (100G)imsets

taken from whitdined boxes (D, left). Scale bar (white) is 100 microns. PEN, n=40; ChABC,
n=40.*=p < 0.05
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Figure 3.2. ChABC treatment reduced PNN density but didchot affect PV+ interneurons.
Representative images of DAPI (A), WFA (B), PV+ (C), and merges images (D). An
examination of PNN density (E) showed that ChAB€ated animals had a significant reduction
in PNNs. The density of PV+ interneurons was unchaiaffed PNN degradation (F). Higher
magnification images (middle right) from the mPFC of PEN and ChABC showed that
significantly less PV+ cells were surrounded by a PNN in ChABC treated animals (G). Higher
magnification images are 100x100 um (10008umses taken from whitdined boxes (D, left).
Scale bar (white) is 100 microns. PEN, n=40; ChABC, n=40. * = p < 0.05
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Figure 3.3. Expression profile of PV+ cells is unaltered after ChABC treatmenf o evaluate
the effect of ChABQGreatment on PV+ cells (A), we examined PV+ and GAD67+ (B), cell
fluorescence (merged in C). Additionally, we examined the number of Gephryin+ puncta on
neuronal cells labelled with NeuN (D,E; NeuN+ cell = green, colocalized Gephyrin+ puncta =
black, punc not colocalized with NeuN = red). ChABC treatment did not result in any change
in PV+ fluorescence within PV+ cells (F). Similarly, GAD67+ expression in PV+ was not
affected by ChABC. The number of Gephyrin+ puncta colocalized with NeuN+ cells was also
unaffected by ChABC treatment. Images are 100x100 um (100)0uisize. PEN, n=16;

ChABC, n=16. * = p < 0.05.
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Figure 3.4. ChABC treatment increased microglial density but did not result in a robust
immune response ovePEN-treated control animals. Representative images are shown for

DAPI (A), IBA1 (B), GFAP (C), and merged images (D). ChABC treatment did not result in
overall changes in IBA1 staining intensity (C), but did cause a small but significant increase in
IBA1+ cell density (D). Similar to IBA1, ChABC injection did not result in overt changes in
GFAP staining intensity for astrocytes (E). Higher magnification images (middle right) are
100x100 um (10000ufpinsets taken from whitkéned boxes (D, left). Scale béwhite) is 100
microns. * = p < 0.05 Scale bar (white) is 100 microns. PEN, n=16; ChABC, n=16. * = p < 0.05.
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Figure 3.5. PNN degradation did not affect PPI(A) Graphic representation of the behavioral
assay. (B) Rats showed greater PPI for trials with increasingly loud prepulses. However, ChABC

treatment did not affect PPI at any prepulse intensity. PEN, n=25; ChABC, n=24.
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Figure 3.6. PNN degradation resulted impaired crossnodal recognition memory.(A)

Graphic illustration of the behavioral assay. To emphasize the tactile modality (top) in object
recognition, the Iights are twogatherdisualf f duri ng
information about the object. In the visual phase (middle), the lights are on but the glass pane is
positioned between the rat and the object, preventing them from gathering tactical information
about the object. In the cressodal phaseldwer), animals are trained in one modality (e.g.

tactile) and tested in the other (e.g. visual) to challenge integration across sensory modalities.
ChABC treatment did not result in any changes in performance in tactile (B) or visual OR (C)
and after ChAR treatment, animals still performed significantly better than chance. In the
crossmodal OR (D) phase, animals treated with ChABC were not able to perform at better than
chance levels whereas PEN treated animals were. Linear regression were cond@terthtoed

the predictive value of animals performance on the task of their PNN density, but no relationship
was observed for the tactile (E), visual (F), or chosslal (G) components of the task. PEN,

n=20; ChABC, n=23. * = p < 0.05.
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Figure 3.7. PNN degradation impaired performance on the oddity task and performance

was predictive of PNN density(A) Graphic illustration of the oddity task. Animals are

presented with 4 objects, 3 of which are common and 1 of which is odd. (B) |&rnrested

with ChABC had a significant impairment in % exploration for the odd object compared to PEN
animals. (C) Linear regression showed that

group, was predictive of performance on the oddity task. RE8BI, ChABC, n=8. * = p < 0.05.
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Figure 3.8. PNN degradation did not alter the cFos activity in PV+ cell§ o evaluate the
effect of behavioural testing on cellular activity, we tipgrfused (10dninutes) a subset (n=16)
of animals after the oddity object experiment and examiriéolse- expression, a marker of
heightened neuronal activity. Representative images for PV+ cells-B9s ¢B), and merged
images (C). ChABC treatment did not result in a change in the total nuinb€&iose+ cells

within the mPFC, (F) it did however result in a slight increase in the nurribes-€ colocalized
with PV+, but this effect did not reach statistical significance (G). ChABC treatment did not
affect cFos+ fluorescence within PV+ cells (Hjnéges are 100x100 um (1000GUnPEN,

n=8; ChABC, n=8. * = p < 0.05.
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Chapter 47 Comparing the impact of perineuronal net depletion in the medial prefrontal
cortex or retrosplenial cortex on working memory performance and mesoscale brain

activity
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Abstract

Perineuronahet (PNNs) are organized extracellular matrices that surround mature neurons of the
central nervous system (CNS) and help stabilize neuronal connectivity. The loss of PNNs
because of injury or disease gasult in aberrant synaptic connectivity and can disturb the
contributions of host neurons, most often inhibitory interneurons, to local cortical networks.
PNN loss in defined cortical regions can impact cognition and memory. These deficits are
relevant fo CNS diseases like schizophrenia, where PNN loss and cognitive impairment are both
present. Here, we evaluated the impact of 30 days of PNN degradation in either of the medial
prefrontal cortex (MPFC) or retrosplenial cortex (RSC) on several tasks my@harking

memory and utilize mesoscale imaging to evaluate broader cortical chéregaslized an
immuneevasive dual viral vector system, defChABC, under the control of a doxycycline

trigger to express chondroitinase ABC (ChABC) within the two tanegions PNN degradation

in the medial prefrontal cortexasnotassociated with cognitive impairment in any task.
Degradation of PNNs iretrosplenial corteinduced moderatienpairmentof object recognition
memoryin the crossmodal object recogniti@sk.Interestingly PNN degradation resulted in
reduced parvalbumin+ interneurashsnsity inthe RSCWide-field optical imagingvas usedo
evaluate broader changes in cortical connectivity after PNN degradation in the RSC. We found
that cortical functioal connectivity (spontaneous and sensory evoked) was largely unaltered but
identified a significant decrease in power at low frequencies of activity in RSC. These data
suggest that PNN degradatimnRSCcan impair performance in tests of working memory,
potentially viathe loss of parvalbumin+ interneurcausd alterations ifow frequencycortical

activity. These findings encourage further investigation into the contributions that PNN loss
makes to cognitive impairment and cortical interconnectivity,fallfoch are disturbed in CNS
diseases like schizophrenia.
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Introduction

Perineuronal nets (PNNSs) are critical regulators of neuronal plasticity within the central nervous
system (CNS). They restrict the capacity for host neurons to modify their necoonactions

provide neuroprotection against reactive oxygen species and other sti@sddhgir presence
stabilizes ongoing functional activity both locally and within larger cortical netw@idscett et

al., 2019; Reichelt et al., 2019; Sorg et al., 2016; Wang & Fawcett,.d8I2cent years,

numerous studies have highlighted the impact of CNS injuries and disease on PNN integrity
within the brain. Postortem samples from patients whdfsted from schizophrenia, bipolar

di sorder, epilepsy, multiple sclerosis, and
(Alcaide et al., 2019; Baig et al., 2005; Berretta et al., 2015; Enwright et al., 2016; Gray et al
2008; Kobayashi et al., 1989; Mauney et al., 2013; McRae & Porter, 2012; Steullet et al., 2018)
Animal models utilized to study these disorders have also demonstrated that PN loss

common feature across a wide variety of models, even thosemiithe etiological origins

(Crapser et al., 2020; Paylor et al., 2016; Steatlel., 2017) Given that PNl deficits appear as

a common feature among numerous CNS diseases and their models, there is significant interest
into how the loss of perineuronal nets imgdehS function. More specifically, how the loss of
PNNs impacts the activity of the cortex andvithis in turnaffects behaviour and cognition

requires further exploration.

Studies evaluating the role of PNNs have typically utilized enzymatic degradation of their
components, such as chondroitin sulfate proteoglycans (CSPGSs), to evaluate theermesegf
their loss. While endogenous enzymes like matrix metalloproteinases or a disintegrin with
thrombospondin motifs (ADAMTSSs) do exishost commonlyChondroitinaseABC (ChABC)

which degrades the glycosaminoglycan side chains of C&Pa@sninisteredThis treatment has
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been broadly utilized in investigation of PNN depletion and in the context of CNS injuries or
disease where CSPGs are frequently depoditegradatiorstudies have provided immense

insight into the importancef PNNswithin the CNS. Enctionally, PNNs are known to restrict
synaptic turnover which limits the exchange of sensitized receptors for naivig-oselsknecht

et al., 2009) They limit the motility of dendritic spines and when degraded, new spine formation
is increaseqOrlando et al., 2012)he presence of PNNs also supports the balance between
excitatory and inhibitory spiking anawtributes to ion homeostasis around highly active
inhibitory interneuronglLensjg et al.2017) Within this balance, the degradation of PNNs
reduces inhibitory activity and reverts cortical netvadka more juvenile, excited stafiehe
depletion of PNN€analsoalterinhibitory and excitatory inputs onto inhibitory cell types

(Caroni, 2015; Donato et al., 2013; Fawcett et al., 2019; Takesian & Hef4@),Respite

these generalized phenomena,ftirectional consequence$ PNN lossandreduced GABAergic
inhibition are less clear and appear to vary by the region affected. For example, PNN depletion
with chondroitinase ABEChABC)in the hippocampusan impair long term potentiation (LTP)
and long term depression (LTut the same treatment administered to the perirhinal cortex
enhances LTOLensjg et al., 20170ther means of depleting PNNs such as genetic knockout of
PNN components like brevican or neurocan have also demonstrated PNNs impact on neuronal
transmission. In mice deficient in lmiean, earlyphase hippocampal LTP is impaired and in

mice lacking neurocan, lagghase hippocampal LTP is impair&takebusch et al., 2002; Zhou

et al., 20Q). The differences between these results are likely due to regional heterogeneity, as
PNNs are not a homogenous structure nor are the cellular types they siMattheéws et al.,

2002; Ojima et al., 19985¥itill, thesestudies demonstrate a clear impact of PNN degradation on

synaptictransmission.
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PNNs are most typically associated with parvalbumin positive (PV) inhybitor
interneurons. Depending on the region examined, up to 70% of PV+ interneurons can be
surrounded by a PNREnwright et al., 2016; Pantazopoulos et al., 20B&)+ interneurons play
important roles in aspects of neuronal transmission such as gain dateral inhibition,and
pattern separatioand they are the primary source of perisomatic inhibitory input on cortical
neurongBartos & Elgueta, 2012; Carceller et al., 2020; Takesian & Hensch,.2043) lager
scale, PV+ interneurons are essential to the generation of gamma oscillatory activity which is
thought to contribute to sensory integration and fedtinding across broad brain domains
(Lodge et al., 2009; Sohal et al., 200Bhis rhythm is generated as the higiquency action
potentials of fasspiking PV+ interneurons synchronize the activity pyramidal cells via
inhibition (Kann et al., 2014)interestingly, a prominent feature of EEG recordings from patients
suffering from schizophrenia is disrupted gamma synchrony, and this is coincident with
numerous reports of PV+ dysfunction and PNN loss in themostem brain tissue of patients
who suffered from the disea@enwright et al., 2016; Gonzal&urgos & Lewis, 2012; Kilonzo
et al., 2020; Mauney etl., 2013; Pantazopoules al., 2010; Steullet et al., 2018; Y. Sun et al.,
2011) Similarly in animal models of SZ such as those induced by maternal immune activation,
PNN loss and gamma asynchrony are both obsé@adetta et al., 2016; Dickerson et al., 2010;
Jadi et al., 2016; Paylot al., 2016) Notably, SZ and animal models of the disease also exhibit
alterations at other frequency ranges, including theta and low frequency détiuityet al.,

2017; Speers & Bilkey, 2021; Uhlhaas et al., 2088)+ interneuronkave been shown to
contribute to activity within these frequency ranges as (@ltistensen et al., 2021; Lengb
al., 2017;Shi et al., 2019)Together, these studidemonstratéhe broader cortical impaof

PNN disruptionandits impact orPV+ interneuronsctivity andimplicate PNNs in
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schizophrenia related dysfunctiohPV+ interneurons, plasticity, and the inhibitory/excitatory

balance of the corteBerretta et al., 2015; Bucher et al., 2021; Do et al., 2015; Lewis, 2014)

PNNs make contributions to both thiegoing functional and structural maintenance of
brain function. Thus, it is not surprising that another means by which PNN disruption could
impact broader cortical networks is through structural changes or cortical reorganization. PNNs
are perhaps bestustied for their role in critical periods of plasticity, within which unique
cortical regions undergo significant remodeling in response to an external st{Retust al.,

2020; Reichelt et al., 2019; Takesian & Hensch, 201Bis is readily demonstrated in the visual
system, where in response to light, the visoalex undergoes dramatic reorganization. The
result of this remodeling is ocular dominance columns which are stabilizedelongt the

closure of the critical window of plasticity. The degradation of PNNs, often achieved by
application of an enzyme likehABC, which cleaves apart PNN components, can reopen these
critical windows of plasticity and allow for further remodeling of cortical tigRizzorusso et

al., 2002) Similar phenomena have been obkedrin the somatosensory cortex with the
development of the barrel corter the amygdala with the development of a mature fear
extinction phenotypeand in CA1 of the hippocampus for episodic men{@ggolla et al.,

2009; McRae et al., 2007; Ramsaran et al., 20®3)ther means to deplete PNNs is by
preventing their formation via genetic knockouts of essential components such as chondroitin
sulfate proteglycans, hyaluronan, or link proteins. Two studies utilizing genetic knockouts of
Ctrl1 andAcanwhich encode for cartilage link protein and aggrecan, respectively, show that
these knockouts attenuate PNN formation and that these animals display persidgent
dominance plasticity and aberrant axonal sprouting in sensory patf@eaysli et al., 2010;

Rowlands et al., 2018These studies demonstrate that PNNs are an important limiting factor on
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structural plasticity, and that their presence supports stabletdomgorganization of cortical

tissues. Together, these findings, and those of abnormal brain activity where PNNs integrity is
disrupted, clearly show that PNN loss can have deleterious effects within larger cortical areas
and not just at the cellular or synaptic level. One furthgrwtald be to evaluate the impact of

PNN loss on broader, bramide connectivity and communication. Diseases like schizophrenia
which feature significant PNN | oss also exhib
is the more comprehensive conmaty map of the human braifLavigne et al., 2022; MacKay

et al., 2018; Narr & Leaver, 2015; Rubinov & Bullmore, 2013)ese studies typically utilize

broader mesoscale imaging techrgg such as functional magnetic resonance imaging or

diffusion tensor imaging. Despite their proven value in clinical investigations into diseases like
schizophrenia, these techniques have not been readily utilized to investigate broader connectivity

disruptions because of PNN loss.

PNN losshas demonstrated effects cognition and behaviour. In CNS diseases, PNN
deficits have been most widely reported in the ymosttem tissue of people who suffered from
schizophreniawhich also presents with signifiteimpairments in working memo@Enwright
et al., 2016; Forbes et al., 2009; Lett et al., 2014; Mauney et al., 2013; Pantazopoulos et al.,
2013; Pardzopoulot al., 2010; Pietersen et al., 201Bhe observation that PNNs are reduced
in brain regions associated with the symptoms of the disease, such as disruptions of the
prefrontal cortex and working memory impairments, suggest a link between PNN deficits and
impairment(Euston et al., 2012; Paylor et al., 2018; Smucny et al., 2022; Yang et al., 2014)
Animal models of schizophrenia support this suggestion. In a prominent maternal immune
activation model of schizophrenia in ra®NN development in the prefrontal cortex follows a

typical trajectory until late adolescence or early adulthood, after which their growth plateaus
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relative to healthy controlaylor et al., 2016)The timing of theemergence of a PNN deficit in
the prefrontal corterf these animals igaralleled by the development of working memory
deficits (Ballendine et al 2015; Howland et al., 2012; Wolff & Bilkey, 200&urthermore,
direct injections ofChABC to degrade PNNs iprefrontal cortex obtherwise healthy animals
impairs performance on novel object recognition tests of working meifiaylor et al., 2018)
Thus, direcPNN maniplation can impact working memory performance outside of the
confounds of developmental models or disease. It also specifically implicate® E@& a region
that is a significant locus for dysfunction in schizophrenia, in working memory impairments
(Dierel et al., 2022; Glahn et al., 200®)terestingly, PNN degradation does not always have
consistent effects depending on the region affected. While working memory is impaired after
degradation of PNNs in thePFG enzymatic attenuation of PNNs withimetperirhinal cortex
can enhance object recognition, as can bnadte attenuation of aggrec§Romberg et al., 2013;
Rowlands et al., 2018The diversity of effects on working memory after PNN degradation
across unique brain regions are likely reflective of the distributed processing involved in a
complex cognitive functiorSupport for this is eloquently shown in a recent study where
bilateral inactivation in any of the mPFC, medial entorhinal cortexr@ntdial thalamic
nucleus, and retrosplenial cortex can impair object recognition, but the same effect is not
observed in the anterior cingulate cortex. Unilateral inactivation of any of these regions was
insufficient to impair object recognition. Howeverhen unilateral inactivation of the RSC was
paired with inactivation of the perirhinal cortex, mPFC, medial entorhinal cortex, or
anteromedial cortex in the contralateral hemisphere, object recognition was significantly

impaired. The studies describeddééemonstrate that PNN disruption can have clear
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consequences for cognition, but also highlight the need for aconorgrehensive understanding

of how PNN disruption can impact broader connectivity patterns.

In addition to thenPFC the retrosplenial caak (RSC)is an emerging region of interest
in studies evaluating cognitive impairmesich as is seen in schizophrenia. R&Cis a highly
interconnected, associativegion of cortexhat shares anatomical connections with the medial
temporal lobe, partal cortex, frontal cortical regions, the thalamus, as well as the hippocampus
and hippocampal formatigiBluhm et al., 2009; Monko & Heilbronner, 2021; Morris et al.,
1999; Vann et al., 2009k has been identified as a part of the defendde networkwhich is
preferentially active when the host is not focused on their external enviro(Buekher &
DiNicola, 2019; Lu et al., 2@ Raichle, 2015; Raichle et al., 200#)storically, studies of the
RSChave focused largely on its role in spatial navigation and spatial working memory, but more
recent reports have revealed much broader and more integrative fuitimmell et al., 2018;
Troy Harker & Whishaw, 2004; Vann et al., 200%or example, in the nespatial ¥maze, an
arena that lacks any major spatial cues, object recognition is impétieedhactivation of the
RSC(de Landeta et al., 2021 his suggests that the contributions of R&Cto working
memory are not only restricted to spatial tasks. In a broader contexerg metanalysis
demonstrated that tHeSCis one of several brain regions that comprise a core network involved
in the processing of autobiographical memories, navigation, the theory of mind, and the default
mode(Spreng et al., 2009 onnectivity studies indicate that communication between many of
these regions, including ti&SC appear to be disturbed in schizophrenia and this might
contribute to cognitive impanent in the disordgBluhm et al., 2009; Liang et al., 2006; Monko
& Heilbronner, 2021; Whitfieldsabrieli et al., 2009)Despite its potential significance for

cognitive impairment in schizophrentagre is limited reearch ofPNNs in theRSC In addition
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to its described role in cognitive function, two other factors make this region of particular interest
for study. Firstly, thd&RSChas by relative amounts one of the densest expression patterns of
perineuronal nets ithe cortex in rodent&Carceller et al., 2022; Seeger et al., 1994)js might
indicate that PNN loss within tHRSCbecause of pathophysiological processes or after targeted
degradation could have significant impacts on its contributions to cognition. And sec¢badly,

R S Claigh degree of interconnectivity and anatomical position on the dorsal surface makes it an
enticing target for mesoscale imaging techniques which can broadly evaluate connectivity

patterns.

In the present study we sought to evaluate twarking memory pgormanceand brain
activity as assessed by optical imagimgre impacted by PNN degradation in eitherrtifeFCor
RSC The healthy functioning of these two regions has been shown to contribute to cognitive
tasks such as working memory, and both are regidimterest in disorders featuring cognitive
impairmentincluding schizophreniaTo deplete PNNs, we utilized an immuegasive viral
vector called dox-ChABC that exprességShABC under the control of a dietary trigger. This
design allowed us to degraB@&INs locally within thenPFCor RSCfor adefinedperiod. We
subjected animals to a battery of behavioural assessments at three time points: baseline, after 1
month of ChABC expression, and again 1 month affiévABC had been withdrawn. Our data
show tha30 days of PNN degradation within tR&Ccanhave a subtlanpactin performance
on tests of working memory and reduce the densiBA\6f interneuronsPNN degradation in the
mMPFC by contrast had no impact on cognitive performance of PV+ déehsitietemine the
impact on cortical activity patterns, we used wiidéd optical imaging to assess spontaneous
and auditory evoked activity aft80 days of ChABC expressiamtheRSC These data suggest

that while broad functional connectivity of RSC duringsfaneous or sensory evoked activity
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was not significantly altered, there was a significant reduatiamthe power of low frequency
(i.e., slow waveRpctivity in theRSCduring spontaneous activity. These findings encourage
further investigation into he the microscale cellular consequences of PNN degradation translate

into mesoscale alterations and broader cognitive impairments seen after PNN loss.

Methods

SubjectsAll mice, total n = 77, were utilized from an-gite breeding colony at the University

of Alberta. The behavioural experiments included a total of n = 66 animals, approximately 2
months of agecrossbred from two genetic strains on a BL6 background: T&laMP6S and
PvalbtdTomato. These strains express an actig@pendent green fluorescent protein in Thyl+
neurons or red fluorescent protein (TdTomato) in PV+ interneurons, respectively ngriextie
lines together resulted in 4 unique strains of dopblgtive (PG), single positive for Thyl
GCaMP6S (G) or PvalhdTomato (P) or expressing neither (WT). Cages of animals with mixed
genotypes were randomly assignedwo groups: control (WT =11 G =14, P =6, PG =7),

which included animals that received ee€hABC injections but did not get the doxycycline

diet (DoxVirus®) and animals that had no deXChABC injections but did receive doxycycline

diet (Dox Virus), and the ChABC group (WT1F, G = 12, P = 3, PG = 7), which received both
dox-i-ChABC injections and doxycycline administration (D@kus"). Animals that received
dox-i-ChABC were also randomized to receive viral vector injections at one of two sites: mPFC
(control, n = 17; dox, & 14) or RSC (control, n = 10; dox, n = 18). Both male and female
animals were utilized for these experiments (male, n = 27; female, n = 39). Animals were housed
in ventilated plastic cages on a-f@ur light/dark cycleThe wide field optical imaging stlies
included a total of n =@adult B6(Thy1GCaMP6s)4.3 mice. These mice express a genetically

encoded calcium indicator under fhieylpromoter(Dana et b, 2014) All the animals received
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viral vector injections of dox-ChABC bilaterally over th&SCsite and were randomly assigned
to control (n = 5) or doxycycline (n8) dietary conditions. All procedures are conducted in
accordance with the Canadi€ouncil for Animal Care and are approved byuméversity of

Alberta Health Sciences Laboratory Animal Services animal care and use committee.

Surgical PreparationAnimals were anesthetised at 4% isoflurane and kept on maintenance
anesthesia for surgebetween 2.5% isoflurane with pure oxygen as the carrier gas. Animals
were head fixed on a stereotaxic injection frame and temperature was monitored and maintained
at 37°C using an electric heating pad with feedback thermistor. Buprivicane (0.25%) was

injected into the scalp prior to any surgical procedures. For viral vector injections, the scalp was
incised along the dorsal surface of the brain to reveal bregma anddiireerauture of the brain

and the skull cleared with a scalpel. Burr holes were drilled bilaterally abowePRE(ML =

0.5, AP = +17) orRSC(ML = 0.5, AP =-2.7) and a syringe attached mounted on a stereotaxic
frame was inserted into the brain at attiegf 2.0 mm for mPFC injections and 1.0 mm for RSC
injections. Viral vectors were injected over 5 minutes at a rate @f @nute (total volume 1.0

¢ ). The same procedure was the carried out in the opposing hemisphere at the same injection
region. Afer the injection procedure was complete, the scalp was resealed using surgical sutures.
For animals intended for wiefeeld optical imaging (n = 1), the same procedure was followed

but a much larger section of scalp was fully removed to accommodate m XQLGhmm

hexagonal glass coverslip. After these animals had received viral injections, a glass coverslip
was secured to the skull and surrounding scalp tissue with clear dental cemerit (C&B

Metabond, Parkell Inc. Edgewood, NY, USA). After either sutgicacedure, animals were

given subcutaneous injections of buprenorphine (0.1 mg/kg) for pain management and placed in
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a recovery cagelfter surgical preparation, animals were given at least 5 days of recovery time

prior to the start of behavioural assessits.

ChABC ExpressiorWe utilized an immunevasive dual lentiviral vector system, de€hABC,
whereChABC expression is under control of a doxycycline inducible regulatory switch that
utilizes a chimeric transactivator designed to evade T celgn#oon (LV.PGK.GARItTA +
LV.TRE.ChABC; described iBurnside et al., 2018he doxi-ChABC system allowed us to

exert temporal control over ChABC expression with a localized targeting witnicotteXx,

whilst remaining largely immunologically inert. The doxycycline trigger is a bepettrum
antibiotic that is widely available in clinic
diet. During initial housing and breeding all animaksre provided with ad libitum access to
standard chow and water. For the behavioural experiments, after the first battery of baseline
behavioural testing had been completed animals, chow was changed to either control (Control
Diet, Bio-Serv) or doxycyclie (Dox Diet, 200mg/kg, Bi®erv) chow with ad libitum accefs

30 days After completion of the second behavioral testing sessi@remaining available chow
was removed, and all animals had access to control diet for an additional 30 days. Forimnimals
theopticalimaging experiment, they were switched onto either control or doxycycline diets after

their first baseline imaging session had been completed, for a duration of 30 days

Behavioural TestingAnimals underwent three batteries of behaviotgsting that included
assessments in the open field, oddity task, spontaneous alternation, armdadaksbject

recognition. These sessions, including habituation and testing were spread across 7 days for each
set of assessments at three time pointelines after 30 days of dity treatmentand 30 days

after thedietary regiment for both groups had been switched to coftrelorder of tasks for all
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animals was as follows: open field, the oddity task, spontaneous alternation, visual object

recognitbn, tactile object recognition, and finally crossmodal object recognition.

Open Field Assessmenihe open field recordings were taken a square testing &@ralQ x

15cm) constructed of white corrugated plastic. Animals were placed in the testing arena for a
singular 5minute session and their behaviour recorded from fixed camera above the arena.
Assessments of video recordings were completed in Matlab with the Op#Evboogram from

animal positional detectiofBenShaul, 217) We made basic assessments of speed and distance
travelled while in the arena. Additionally, we designed a basic assessment of anxiety behaviour
in the rodents while performing the open field assessment. Mice will typically prefer to remain
near wés or corners and in darker areas (lighting in our arena was consistent throughout all
areas) of a testing apparatus and this effect is enhanced in mice with éB&ibgnhener &

Wooten, 2015)To evaluate this parameter, we re@atdime spent in the entire ardaréna

40x40 cm) and within the centreT{entre 20x20cn) of the arena. We then calculated the

percentage of time spent in teeteriorof the ar@a with the formula: Tarena- Tcentre / TarenaX

100.

Oddity ObjectRecognition The oddity object discrimination test measure object perception

using three copies of identical objects and a
square arena (40 cm x 40 cm x 15 cm) made of clear corrugated plastic with opagque wh

wallpaper. The objects could be fastened to any of the four corners of the arena. Mice had one

day of habituation in the arena with no objects present for 5 minutes, after which the test day was
conducted. On test day, three identical objects and dhelgect were fastened to the four

corners. Mice were placed in the maze and their behaviour recorded over 4 minutes using a video

camera mounted to the ceiling. Tloeationof the odd objectvithin the arenavas
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counterbalanced among thecein each teatment group. Object exploration times were hand

scored by an investigator blind to the treatment status of the mice performing the task. Object
exploration was assessed based on three crite
object, within2 cm of the object, and not actively grooming. Odd object preference was reported

as a percentad€Todd/ Twof] X 100 of the total time exploring the odd objeetherefiTodd
represents time spentT®xpheritogalheéei meédsoplepnec

objects during the test trial.

Spontaneous AlternatioBpontaneous alternation performance was assessed using a

symmetrical Y shaped maze composed of three arms with groove and wall (35L x 7W x 15H

cm). Each animal was introduced into the center of the maze and allowed to explore freely for 5

min during whichthe acquisition of total number and pattern of arm entries were recorded using

a video camera and analyzédgsessments of video recordings were completed in Matlab with

the OptiMouse program from animal positional detec{®en-Shaul, 2017)Percentage of

spontaneous alternation was calculated based anthenb e r  olifo® t ¢ 0 matdasi i ng e n
into all three arms divided by the maximum number of possible alternations (total arm entries

minus 2,Tha2) i.e., percentage of spontaneous alternatibRe(Tha2).

Crossmodal Object Recognitio his taskutilized spontaneous exploratory behaviour to assess
visual and tactile memory, as well as vistatile sensory integration (Winters and Reid,
2010;Ballendine et al., 2015). Animals are placed mymmetrical Y shaped maze composed of
a start arm andmo object armg35L x 7W x 15H cm). A opaquevhite plastic insert was used

as a barrier between the start arm and the two object breach of the object arms, an object
could be fastened at the distal end of the arm agat@lastic inserts could bglacedto prevent

animals from interacting with the object$e objects utilized were a mix of plastic animal
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figures, rubber toys, a@n3-D printed objects, all-8 cm in heightMice were habituated for two

5-minute sessions, alternating the lighting between white light (for visual phases) and red light

(for tactile phases). In the white light habituation session, clear plastic bareiersnserted in

the object arma\o objects were present in the habituation sessidrese limitations prevent

visual exploration of the objects under red light and prevent tactile exploration of the objects

when the clear plastic barrier is presenteAhabituation, animals were subjected to tactile,

visual, and crossmodal object recognition on separate, sequential days. Test days started with a
3-minute sample phase with two identical objects presents in the object arms eftmeY

After a 6@minute delay, the animals underwent a test phase with a third copy of the identical

object and a novel object present in the object armsndel object and the novel object arm

were counterbalanced across all animidise began the experiment in the starn, the door

was open and closed once mice entered the object Bnmsest phase wasrdinutes in

duration.On the crossmodal testing day, tactile conditions (red light, no barriers) were utilized in

the sample phase and visual conditions (white lig/egr barriers) in the testing phase.

Recognition memory was defined as significantly greater exploration of the novel object than the
familiar object.Recordings were made from a camera fixed to a frame mounted above the arena

and behaviour wasianually sored by investigators blind to the treatment status afibeand

identity of the objects. Novel object preference was reported as a discrimination ratigt{&R):

tram) / tor, Whereinidh®0 r epr esents ti me expl oriinngg pthhaes en, o viet
represents time expl o g ptriees efnamsi Itioaralo ktji encet

objects over the course of therinute trial.

Tissue CollectionFollowing the final behavioural testing session, mice were deeply anesthetized

with isofluraneand perfused transcardially with PBC followeda¥% paraformaldehyde
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solution using infusion pumps. Brains were extracted and subsequent stored in 4%
paraformaldehyde in a 4°C fridge. After two days, brains were transferred to a 30% sucrose
solution for several days and then frozen in isopentane dmdabgutting temperature gel

(OCT). Frozen brains were sectioned on a cryostat at 25 pm.

Immunohistochemistrnslides were warmed to room temperature for 20 min and then given three
washes in 1x PBS for 10 min each. After which slides were incubatedhfaith 10% Protein

Block, serurAfree (Dako) in 1x PBS. Slides were then incubated overnight at room temperature
with a primary antibody in a solution of 1% Protein Block, 1% bovine serum albumin, and
99.9% 1x PBS with 0.1% Triton-X00. Primary antibodiesere as follows: mouse anti
chondroitin4-sulfate (C4S; 1:400; Millipore)Visteria floribundaagglutinin (WFA; 1:1000;

Vector Labs), rabbit anfparvalbumin (1:1000; Swant); rabbit afAl (1:200; Dako); mouse
antrGFAP (1:200; Sigma&ldrich). After overnight incubation, slides were washed three times,
twice in 1x PBS with 1% Tween 20 and once in 1x PBS. Slides were then incubated for 1 h with
secondary antibodies in antibody solution (as above). Secondary antibodies were as follows:
streptavidin 647 (200; Invitrogen), donkey anthouse Alexa Fluor 488 (1:200; Invitrogen),
donkey antirabbit Alexa Fluor 647 (1:200; Invitrogen), and donkey-ambuse 647 (1:200;
Invitrogen). After 1 h of incubation, slides were washed again three times and mounted with

4 6-didnidinc2-phenylindole (DAPI) in Vectashield mounting medium (Vector Labs).

Epifluorescent Microscopymages were acquired using a Leica DMI6000B Microscope with
LAS AF computer software. Regions of interest were identified usilen Mouse Brain Atlas
(Allen Reference Atla$ Mouse Brain. Available fronatlas.brainmap.org and selected

based on landmles in the DAPI nuclear staining patteifhe coordinates for each region were

as follows:mPFC(+1.5to +2.0AP, 2.5 DV; with the imagig window aligned to the midline
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and extending laterally through all cortical layers) andRBE€(-2.5t0 -3.0 AP, 1.0 DV; with

the imaging window aligned to the dorsal midline of the brain, extending lateR8%).images
were captured at 5X magnificati and the mPFC at 10Xor each animal, a total 4fimages

were taken bilaterally in adjacent sections. A constant gain, exposure, and light intensity was

used across all animals for each region and stain.

Immunohistochemistry Quantificationalysis was completed on unmodified images by an
observer blind to the experimental condition of the tissue analyzed. For each region of interest,
an imaging rectangle was drawn over the target area and the measueaentantified for
comparison. The region of interest was localized using DAPI immunolabeling. For all stains
mean brightness within the measurement area was capiiecalso visually inspected adjacent
cortical areas and slices to determine the targetdf our injections. While this confirmed the
selectivity of our treatment, animals in the ChABC group did show some elevated expression of
C4S along the injection path through the motor cortex dorsal to the niPE@.RSC group

some animals showed C4&Spression in the adjacent secondary motor cortex and dorsal
hippocampusCell counts folPV+ and IBA1+ cells were automated using the Irnbgsed Tool

for Counting Nuclei (Centre for Bionage Informatics, UC Santa Barbara, CA, USA) plugin for
NIH ImageJsoftware. PNN counts were conducted manually and identified based on an
evaluation of three criteria: brightness, shape, and the presence of dendrites or an initial axon

segment.

Statistical Analyses of Behaviour & Immunohistochemigtilydata are preséad displaying
mean + SEM and individual data points. PRISM Software (Prism Software) and MATLAB
(Mathworks, Natick, MA, USA)were utilized to conduct statistical analyses and signifiean

was set ap < 0.05.Behavioural outcomes were evaluated uswgrway repeated measures
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ANOVAs were utilized to compare the effects of time (baseline, 30 dagag@ost diet) and
treatmengroup (controlChABC) on performance across all animals. Given that the groups

were expected to perform similarly on measurdsatline, we determinedpriori to utilize

onesample #tests against chance performance at thda880timepoinin the oddity preference

task and crossmodal object recognition test. Such comparisons are frequently used in behavioural
experiments to compa whether group performance differs from chaftgervais et al., 2016;

Jacklin et al., 20160therwisemu | t i pl e compari son weréednly Bonf err
included where significant main effects were detected in an ANOWA. exclusion criteria

were included: in the crossmodal task animals that did not explore each of the objects for a
minimum of 3seconds were excluded, and in the oddity task, animals that did not exceed 8s total
exploration time were excluded from the analy$lse immunohistochemistry data was alll

generated from a single time point {88ys after the dietary trigger was withdrawdhpaired 1

tests were utilized to compare between control@nédBC groups. Simple linear regressions

were also included to compare ani mal sd behavi

measures.

Wide Field Optical ImagingWidefield opticalfluores@nceimaging was performed tmeasure
corticalchangesntracellularcalcium as an indicator of neural activity. Calcium fluorescence
data was collected from 4t images captured onTaeledyne DALSA (Waterloo, ON, Canada)
1M60 CCD camerand EPIX EL1 frane grabber with XCAP 3.8 imaging software (EPIX, Inc.,
Buffalo Grove IL).GCaMP6s was excited using a blue LEIor Labs (Newton, New Jersey,
USA) M470L5) with an excitation filter Thor Labs (Newton, New Jersey, USRAB470G-10).

Images were captured withmacroscope composed of fraatfront lenses (10 mm x 10 mm
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field of view) and calcium fluorescence was filtered using a SenfideWw York, NY, USA)

Brightline FF01525/30625 green light emission filter housed in a 3D printed filter housing

Spontaneouand Evoked ActivityRecordings of spontaneous and evoked activity were
conducted irawake mice, head fixed on a treadmill. Animals were habituated to the apparatus
twice, daily for 7 days prior to the baseline imaging session andrith imaging time point.

Each animal underwent two imaging session: a baseline session after their puegiaadtion

and viral injection (with at least 10 days of recovery tand habituation to the imaging
apparatusbut prior to change in diet administratia@otrol ordoxycycline), and a second
imaging session after 30 daysChABC expressionSpontaneus activity was recorded at 30 Hz
for a total of 20 minutesTo reduce the impact of fluorescence signal distortions that are
sometimes caused by large cortical blood vessels, we focused into the cortex at a depth of ~
mm. For auditoryevoked activityrecordings, data was collected3@tHz sampling rate.
Auditory-evoked recordings consistedXdk trials that were initiated eveP@s, with the

stimulus delivere@sinto each trial. Trials and stimulation were initiated using a signal from a
Cambridge Eectronic Design 1401 mk2 output board controlled by the software Spike2 (v6.18)
(Cambridge, United Kingdom). Stimulation signals were generated using a Model 2100 Isolated
Pulse Stimulator (AM Systems, Sequim, WA, USA)5 ms auditory stimulation waslelivered

usinga broadspectrum auditory signal from a computer speaker.

Data AnalysisSpontaneous recordings were subjected to bandpass filtering betwed® ®@5

for the initial power spectrum analysis, or-&.51z for all subsequent analys@seas owside the
surgical preparation or off brain were masked out and recordings were processed with a global
signal regression to remove global changes. Across the entire spontaneous resbrdirig, was

calculated to determine relative changes in fluorescé&egons of interest were designated by
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5x5 pixel boxesvith coordinatedased on the Allen Mouse Brain Atl#ss our manipulation

was bilateral, we expected the hemispheres to have similar values. To confirm this, we compared
root mean square (RMS8aluesfrom both hemispheres for each condition using aviag

ANOVA with Bonferronids Test to correct for

differences between ROIs. As such, we averaged left and right hemi&M&realues together.

Seed pixeCorrelation MapsFor each region of interest, we calculated correlation coefficients
between the ROI pixel and every other pixel in the field of view, to show areas that are
correlated in activity. To quantify functional connectivity within a local area, we calculated area
specific thresholds based on the Allen Brain Atlas foRB€at 4% of the brain area in the field

of view. We then used that same threshold for thd&@80recordings for each mouse to

determine percent area change in their seed pixel hoegonfirm thee effects were not specific

to the threshold choserewitilized one additional legsstrictive threshold of 10% to evaluate

whether similar trends were observed in the data.

Statistical Analyses of Optical Imagingor power spectrum analyses, we conediet Wilcoxon
rank-sum test for control and treatment groups between the frequency range4 ¢f0ahd

1.0-5.0 Hz. Standard deviations and correlations for spontaneous activity were calculated as
relative change from the baseline tonbnth time point ad probed with twavay ANOVAs

with Bonferroni correction for multiple comparisons. Data from seed pixel maps and area under
the curve calculations were compared with-tmeyy repeated measures ANOVAs with

Bonferroni multiple comparisons corrections. Ampdiéuand peak delay of auditory evoked

responses were compared with pair¢ests of baseline andrionth data for each condition.

Results
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Animal DataWe eval uated animal sdéd total weight and v
experiment. Weight changernsported firstly for the duration of the dietary regiment, and

secondly for the total course of the experiment. Animals in both groups increased in weight
(Control:M =2.532g + 0.195; Doxv1=2.7169g + 0.326) over the course of thedzy diet

regiment, buthere was no significant difference in total weight change in either dietary

condition €e3)=0.123,p = 0.902). Second, we evaluated total weight change from the beginning

of the experiment until animals were euthanized. Animals total weight increased owealthe

course of the experiment (Contrd:= 3.382g + 0.249; Dox¥ = 3.326 + 0.301) but thereas

no significant difference in weight chande# = 0.146,p = 0.884).

Open Field Assessment® determine whether daxChABC treatment at either site might alter
gross motor activity, we first tfielddaeead ani mal s
(Figure 1A) Additionally, to evaluate whether PNN degradation had any effects on anxiety, we
designed a basic assessment of animalsé prefe
(Seibenhener & Wooten, 201%)ur measures of these constructs included total distance

travelled and percentage of the time spent in the perimeter of the arena. A repeasedes

ANOVA on total distance travelled (Figure 1B, top left) revealed a significant main effect of

time (F,70)= 5295 p = 0.0®) but no main effect of treatment and a sdgnificant interaction

between time and treatment (Treatmé;35= 1.978 p = 0.168; InteractionF, 70)= 0.068, p

= 0.9430). Poshoc comparisons showed that control animalsahaignificant decrease in

distance travelled from baseline to-@8ys (22 = 2.691,p = 0.027. Generally, the animals in

both groups appeared to have slightly lower distances travelled across the experiment, which

might be the result of repeated expestar the task over the course of the experinfenia

measure of anxiety, we compared the two group
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arena (near walls and corners) rather than to explore the interior of th¢Figema 1B, bottom
left). In this case, a twavay repeated measures ANOVA showed no main effects of Emeof
= 0233 p=0.756), treatmentk 1, 355= 0270, p = 0.566), andho significant interactionH2, 70)=
1439 p = 0.244). These outcomes suggest that ChABC treatmathin the mPFC had no

impact on anxietyrelated behaviours in the open field arena.

The same measweere performed inimals in the RSC cohoifirst, we evaluated
total distance travelle(Figure 1B, top rightyvith a repeated measures ANOVA thabwed a
main effect of timeK, s4)= 5.409,p = 0.009), but no main effect treatmehti(z2)= 1.587,p =
0.217), and no interaction between the tw@ 4= 0.783,p = 0.461).Posthoc comparisons
between time points did not reveal aignificant differences between time points in either of
the groups. Wethems sessed ani mal 6s preference to explo
the arendFigure 1B, bottom right) as a basic test for anxiétyepeated measures ANOVA
showed anain effect of timeK, e4)= 8.022,p = 0.001) Posthoc comparisons revealed that in
ChABC treated animals, there was a significant increase from baseline to 6Q:8a¥s623,p
< 0.001).There was no main effect of treatmel(32)= 0.121,p = 0.731) and no interaction
between time and treatmei{ s2)= 2.413,p = 0.098).These results suggest that after PNN
degradation in the RSC and an additional 30 days without ChABC expression, -dik&iety

behaviours in the open field arena increased.

Oddity Object Recognitioi©ur first test of working memory assessed whether PNN degradation
i mpaired animal s6é ability to perceive and mai
environmen{Figure2A) Thi s test evaluates the preferenc

objects that are identical to each otfigartko et al., 2007)Previous work from our lab has
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demonstrated a deficit in the performance of this task after PNN degradation with direct infusion

of chABC into themPFC(Paylor et al., 2018)

For this task, we measured total exploration time andygdceference as a percentage.
We first analyzed total exploration times for all four objects amfonghe mPFC cohort (Figure
2B, top left).A repeated measures ANOVA revealed a significant main effect of Emes(=
7.336, p = 0.002) but posthoccomparisons did not reveal any significant differences between
time points for either control or ChABC animals. Theses no main effect of treatmemi{ 29)=
0.820, p = 0.3735) and no interaction between time and treatmégatss)= 2.661, p = 0.0) on
total exploration time. We then cof(higwme2B,d t he
bottom left) A two-way repeated measures ANOBAowednho main effect of timeN(2, sg)=
1.963 p = 0.150), nomain effect of treatment(z, 29)= 3.176 p = 0.(85), and no interaction
between time and treatmeif{ ssy= 1.699, p = 0.191). A probe of the 3@ay time point with a
one sample-test against chance showed that both control and ChABC animals performed
significantly better than chanperformance (CTRLt1) = 5.630,p < 0.0001; ChABCt(13) =
4.637,p< 0.001).The absence of an effect after mPFC degradation stands in contrast to previous
work from our laboratory demonstrating a deficit in this task after ChABC infusion into the

medal prefrontal, althougbur prior study usethats rather than miggaylor et al., 2018)

We also analyzed animalgth ChABC expression withithe RSCon the oddity object
preferenceask.An evaluation ototal exploration timesf all four objecs (Figure 2B, top right)
with arepeated measures ANOVA revealed no main effect of thpes$= 0538 p= 0583 or
treatmentE(, 26)= 0.9, p = 0.461) on total exploration time, but we did observe a significant
interaction between time and treatmdfg,(52)= 4.519 p = 0.015). Posthoc comparisons

revealed a significant increase in totaplration time forChABC animals compared to controls
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at the 3@day time pointt(26=2.684, p = 0.042). This suggests that PNN degradation within the

RSC mayalterexploratory behaviour in thistasd.e x t , we eval uated ani mal
oddobject(Figure 2B, bottom right)A repeated measures ANOVA revealed a significant main

effect of time F(, s2)= 5254, p = 0.015), but no main effect of treatmeri({( 26)= 2.813 p=

0.105), and no interaction between time and treatnilgpts2)= 3.065 p = 0.065). Posthoc

comparisons showed that control animals had a significant increase in oddity preference from
baseline to 30 day$1z) = 3.325,p = 0.010, whereagpreference for the odd object in ChABC

treated animalw/as not significantly greater 80 daysWe also probed the 3fay time point

with one sample-tests, which showed that both control and ChABC animals performed

significantly better than chance pamihance (CTRLt13) = 10.90,p < 0.0001; ChABCt(13) =

4.610,p < 0.001).

Spontaneous alternatioithe second test we utilized to assess working memory performance
after PNN degradation was a spontanedencg al ter
to explore new environments. This is readily demonstrated imeaxe arené-igure 3A) where

animals exiting one of the three open arms will typically choose the less recently explored arm

overthe previousarfhd 61 sa et al ., 2021)

We assessed two primary outcomes from this test, both totardriesand spontaneous
alternation expressed as a percentage of tota
activity we tested the total number of arm entf@sanimals with the mPFC cohort (Figure 3B,
top left). This was reflected in a twway repeted measures ANOVA that showed a significant
main effect of timeK, s2)= 8970, p =0.001) on total number of arm entri®nsthoc
comparisons showed significant decreases in total arm entries for control animals at both 30 days

and 60 days compared baseline (30Dt22) = 2.445,p = 0.046; 60D122)= 6.538,p < 0.001).
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While a similar trend was apparent in ChABC animals, arm entries were not significantly
different at 30 or 60DThere was no main effect of treatmelff (26)= 0.086, p = 0.772) and no
significant interaction of time and treatment on total arm enfigss2)= 0294, p = 0.747).

Next, we evaluated differences in spontaneous alternation behévigure 3B, bottom left). A
repeated measures ANOVA showed no main effect of ¢impeso)= 2.545,p = 0.092) or
treatment (1, 25)= 0.263,p = 0.613), and no interaction between time and treatnkentd)=
1.508,p = 0.231).Thus, PNN degradation within the mPFC maichimal impact on spontaneous

alternation behaviour.

We nextevaluated the same outcomes but for animalsédtNN degradationithin
theRSC Again, btal number of arm entries seemed to decrease over each of the three time
points(Figure 3B, top right)A two-way repeated measure ANOVA showed a main effect of
time (Fe, 64)= 8.242 p = 0.001), but no main effect of treatmef#1, 32)= 0002 p = 0958), and
no interaction between the twb{, s4)= 0.236 p = 0.791). Posthoc comparisons that in both
control aad ChABC animals, total arm entries decreased significantly from baseline to-the 60
day time point (CTRLtue) = 3.047,p = 0.015; ChABC1(16)= 3.711,p = 0.004)We then
compared ani mal 6s per c e rRigarg3B, botfom sght)Bathtgeoupe o us a
of animals exhibited alightincrease in spontaneous alternations across the course of the
experiment. This was reflected in a tway repeated measures ANOVA, which showed a main
effect of time E(2, 64)= 4.890,p = 0.012) on spontaneous alternatialthough poshoc
comparisons showed no differences between time points for either girere.wasio main
effect of treatmentH(1, 32)= 0.987,p = 0.328) and no interactiofr ¢, )= 2.389,p = 0.100).
Thus,PNN degradation within the RSC has clearimpact on spontaneous alternation

behaviours.
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Crossmodal Object Recognitio®@ur last test of working memory utilized the crossdal

object recognition tasiEigure 4A) This specialized version of the novel oljescognition task
places further demand on working memory to integrate information across multiple sensory
modalities (visual and tactile) which has been shown to be dependent on the functidARg the
(Ballendine et al., 2015; Winters & Reid, 201Byevious data from our laboratory has
demonstrated an impairment in this task after direct infusi@hdBC into themPFC(Paylor et
al., 2018) More recent evidence also indicates that the function of the RSC may contribute to
this task as wellGray et al., 2023; Hindley et al., 2018atabelow is included for testing in

each of the three tests in the order that they assesseddctile, visualcrossmodal).

Tactile Object Recognitiorn the tactile phase, red light conditions are utilized to minimize
visual information gathered about the objects, but animals have unrestricted access to gather
tactile information about the object. We first compare tactile exploration times for camdrol
ChABC animals from thenPFCcohort(Table 1) A repeated measures ANOVA on time and
treatmenshowed no main effect of tin{€, 42)=1.01, p = 0.367), treatmentF, 21y=0.265 p

= 0612 and no interaction between time and treatmegt4)=0.253 p=0.778 on tactile
exploration. We next evaluated discrimination ratios for the tactile object recognition component
of the taskFigure 4B topleft). A repeated measurédNOVA on time and treatment revealed

no significant main effect of timé-(2, 42)= 0167, p = 0838), treatmentk, 21= 0079 p =

0.780), and no interaction between the tvifg(42)= 0.004, p = 0.996). A one-sample ttest

indicated that both cordtand ChABC groups performed significantly better than chance at
discriminating the novel obje¢CTRL: t(18=3.596 p = 0.002; ChABC:t3)=3.268 p = 0.047).

These results are consistent with previous work from our laboratory demonstratimg? 2t

PNN degradation does not impair unimodal tactile object recogrifaylor et al., 2018)
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We next evaluated animals from tR&Cgroupon their tactile object recognition. First,
we compared mean exploration times for two groups with a repeated measures ANOVA on time
and treatent(shown Table 1)There was main effect of timE¢, s2)= 1075, p < 0.001) on
mean exploration time, but no main effect of treatmEpat 4= 1.314, p = 0.262) and no
interaction between the twé ¢, s2)= 1.875 p = 0.163). Posthoc comparisonshowed a
significant difference in control animals between baseline and both ti@y38nd 66day time
points (30D1(12)= 5.011,p < 0.001; 60Df(12) = 3.496,p = 0.009). While this effect was more
pronounced in control animals, both groups appeared to explore the objects more after 30 days
and 60 days, relative to baseline, although this comparison was not significant across time points
for ChABC animalsNext, we evaluatedliscriminationratios for the tactile object recognition
phase of the tegFigure 4B topright). There was no significant main effect of tinfkg(s2)=
0.400,p = 0.670) or treatment(z, 26)= 0.607,p = 0.443), and no interaction betwegme and
treatment on tactile discrimination ratids(s2)= 0.588,p = 0.559).A one-sample {tests
indicated that both control and ChABC groups performed significantly better than chance at
discriminating the novel obje¢CTRL: t(12=5.812 p < 0.001; ChABC1(14=3.846 p = 0.002.
This suggests that PNN degradation targeted t&BEis not sufficient to impair performance

on this unimodal, tactile object recognition task.

Visual Object Recognitiorn the visual phase of the task, animads gather visual information
about the object but are prevented from gathering tactile information by a clear glass pane
separating them from the object. First, we compared mean exploration times for amtimals
mMPFC cohort (all crossmodal task exptama times are shown in Table. B repeateemeasures
ANOVA on time and treatment group revealed a significant main effect of(Emes)= 4.434

p=0.017), but no main effect of treatmeri({, 33= 0295 p = 0590 and no interaction
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between the twoH(2, 66)= 0478 p = 0621). Over the course of the experiment, both groups

mean exploration times were reduced, but+host comparisons revealed no significant

differences between time points for either grddextt o t est ani mal 6s wuni mod

recognition, we compared discrimination ratios for the novel object in the visual testing phase for
themPFCcohort(Figure 4B,middleleft). A repeated measures ANOVA with time and

treatment group as variables raiegl no significant main effect of timE{, és)= 1.988 p =

0.146), treatmentk 1, 33y= 0.174, p = 0678, and no significant interaction between time and
treatment 2, e5)= 0.751, p = 0470. We probed the 3@lay time point with onsample ttests

showed that both control and treatment groups performed significantly better than chance at
discriminating for the novel object (CTRtgzo) = 5.445 p < 0.001;ChABC: tas= 2.893,p =

0.013). These redts are consistent with ones from previous work in our lab demonstrating that
mPFCPNN digestion does not impair performance on this unimodal, visual object recognition

component of the taglPaylor et al., 2018)

Next, we compared visual exploration times for animalgetresplenial grougshown
Table 1) A repeated measures ANOVA revealed a significant main effect of Fimnes(=
6.02Q p = 0.007) and treatment~(1, 29)= 4.78, p = 0.037). There was no significant interaction
between time and treatment on mean esgilon time F(2, s3)= 0.180, p = 0.836). Posthoc
comparisons revealed that in ChABC animals, there was a significant increase in exploration
times from baseline to 30 dayadt= 2.563,p = 0.042) but there were no significant differences
between teatment groups at any time pomMe t hen eval uated ani mal 6s
ratios during this phase of the t@igure 4B,middleright). A repeated measures ANOVA on
time and treatment showed no main effect of tife §s)= 0,051, p = 0944) or treatmentK, 29)

= 0025 p=0874), and no interaction between time and treatmiégtsg)= 0.04, p = 0960) on

\
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visual discrimination ratios for tHeSCgroup We probed the 3@day time point with one

sample ttests which showed that both contaold ChABC groups performed significantly better
thanchance at discriminating for the novel object (CTR14=5.133,p < 0.001;ChABC:
t16=3.943,p = 0.001).These outcomes indicate that PNN disruption withiR8f@is not

sufficient to disrupt unimaal visual object recognitioidowever, elevated exploration times in
the ChABC group might indicate that PNN degradation had some other impact on exploratory

behaviour in the visual phase of this task.

Crossmodal Object RecognitioRirst, we compare total exploration times for aninfim the
mPFC group (Table 1A two-way ANOVA on time and treatment group revealed a significant
main effect of timgF, s2y= 14.70, p < 0.0001)and asignificant main effect of treatment group
(F@, 31=8.06 p=0.009. There was no interaction between time and treatment greypz(E

0.33, p=0.720. While there were no differences between treatment groups at any time point,
posthoc comparisons did show that both control and ChABC asihed significant decreases
in exploration time from baseline to 60 days (CTR1s)= 4.018,p = 0.002; ChABC1(13)=

2.687,p = 0.037). Given the similar effect seen in both groups, this might be reflective of a
decrease in interest in the task over repeated testing sessions or changes in performance of this
task with age. Next, we evaluated crossmodal object recognitionmparfoe (Figure 4B,

bottom left) A comparison o n i mdistritnisation ratios with a twavay repeated measures
ANOVA showeda significant main effect of treatment groufp.(31)= 4622, p = 0.040), though
ChABC animaldhad lower discrimination ratios atich of the three time poiniscluding
baseline) There was no significant main effect of tinfe1(31)= 0.125 p = 08737 and no
significant interaction between time and treatmé&t )= 0.557, p = 0.570). Posthoc

comparisons between treatment groups at each time point did not reveal any significant
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differencesWe probed the 3@ay time point with onsample {#tests against chance, which
confirmed that neither control @hABC animals performed bettendan chancéCTRL:
t(18)=1.783 p= 0.092; DOX:t(13)=1.106 p = 0.289. These results are difficult to interpret

given that both groups of animals appeared to perform the task pbathtime points

Next, we compared total exploration times&ormak in the RSC groupA two-way
ANOVA on time and treatment group revealed a significant main effect of Emes(= 12.08
p < 0.001) and a significant main effect of treatméit, 6o)= 4.98 p = 0.(B4). There was no
significant interaction between time and treatment on exploration times (F(215B) p =
0.339. While posthoc comparisons did not reveal any significant differences between the
groups at any of the three time points, both control arABChanimals had increased
exploration times after 30 days (CTRls) = 3.634,p = 0.005; ChABCtue) = 3.477,p = 0.007).
The similarities here suggest that there might have been testing effects between sessions, which
could be the result of repeatecpesure to the testing arena or other factors that changed
between sessions such as alje.next compared discrimination ratios foe RSC group
(Figure 4B, bottom right)A two-way ANOVA on time and treatment group revealed no
significant main effect ofine (F(, s8y= 1.046 p = 0.356, treatmentF, 29)= 2.092 p = 0.159,
and nointeraction between time and treatment grdep, €s9=0.91,p=0408 on ani mal 0s
discrimination ratiosHowever, onesample ttests at 30 days suggest tGdtABCa ni mal s 6
performance did not differ from chance performarige£ 0.382,p = 0.708), whereas control
animals were significantly bettéran chancat discriminating the novel objedt:6=2.823 p =

0.013).

PNN Degradation and Behavioural Correlatiod® assess the effectiveness of our-dox

ChABC expression system to degrade P-MNs, we s
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sulfate (C4S), which labels the cleaved components of perineuronafteet€hABCtreatment,

and withwisteria floribunda aggitinin (WFA), which is a widely utilized label for PNNs. We

also labelled for parvalbumipositive (PV+) inhibitory interneurons, which are closely

associated with PNNs and present correlations of PNN counts and PV+ counts with certain
behavioural outcomes Al | st aining measures ar-daytimef | ect i \

point, after the full dietary regiment and behavioural testing was complete.

Findings from thenPFCcohortare shown irFigure 5 We observed an increase
50.3% overdlin themean brightness of C4S labeling for hleABC treatment group relative to
control animalst(z2)= 3.615,p = 0.001). As expected, we observed the opposite effect with
number of PNNs, with a decrease27.2% inChABC treated animald$e)= 2.891,p = 0.007%.
There was no change in the number of PV+ interneutpns=(0.244, p = 0.809). It is worth
nothingthat inthe DoxVirus® control group which received dox-ChABC injections but no
doxycycline diet administration, there was still a faint but noticeable expression pattern of C4S
neat he i njection site. ThiGhABCexpessidnevhicthwabue t o s
noted in the original description of d®ChABC (Burnside et al., 20184 visual inspect of
adjacent cortical areas and slices confirmed the targeting of our injections, although there were
patterns of C4S expression along the injection path through dorsal portions of the motor cortex.
We also evaluated correlations betweehaweoural outcomes and PNNs or PV+ interneurons.
Linear regressions showegasitiverelationship between crossmodal object recognition
performance and PV+ counts, where performance increased with higher PV+ levels in the
MPFG butthis effect was not sigficant. There wagso relationship between PNN counts and
performancen the crossmodal tagRNN: R? = 0.008,p = 0.653; PV+R? = 0.218,p = 0.051).

PNNs or PV+ interneuronsgithin the mPFQlid not have show any significant relationship with
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performancen the oddity task (PNNR? = 0.044, p = 0.351; PV+:R?> = 0019 p=0621). The

lack of a relationship between PNN counts and oddity preference cept@gbus work from

our lab which demonstrated a relationship between the two after targeted CHABGns into

the mPFdn rats(Paylor et al., 2018 However, in the present study the relationship between
PNNs and oddity preference was evaluated 30 days after the trigger for ChABC expression was
withdrawn, whereas in the previous study this relationship was evaluated during active

degradation. This fference might also be attributable tdifferences.

In theRSC our immunostaining (Figure 6) showed that ChABC expressioiany
resulted in &3.5%increase in C4S labeling at the target ateg € 2.263,p = 0.032). These
was &so a 28.8%lecease in PNNMountswithin theRSC(t6=5.749,p < 0.001) We also
evaluated the presence of PV+ interneurons, which were significantly decfe@€8d)in the
RSCof theChABC group(tie) = 3.420,p = 0.003. These results confirm the efficacy of dibx
ChABC to degrade PNNs within either target area after doxycycline administration. They also
suggest that the relationship between PNN degradation and the impact on PV+ interneurons can
vary by the region affected. In addition to these measures, we yiswsgglected adjacent cortical
areas and slices to confirm the targeting of our injectidest, we considered correlations
between behavioural performance on immunolabeling for the retrosplenial cohort. There was no
significant relationship between crosstal performance argither of PNN counts d?V+
interneuron§PNN: R = 0.022,p = 0.467; PV+R? = 0.095,p = 0.186).Similarly, there was no
relationship between PNN counts or PV+ interneurons and oddity performanceRPN:

0.133 p=0073; PV+:R?= 0.002, p= 0844.

Inflammatory MarkersAs the doxi-ChABC vector is supposed to be immtinert, we also

evaluatedwo inflammatory markers, IBA1 for microglia and GFAP for astrocytes, to assess the
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impact of inflammation in animals. Qualitatively, we did not observe consistent signs of overt
inflammation reflected in either IBA1 or GFAP labelling at eitbertical sie. Within the mPFC
(Figure 7) acomparison of IBAl4staining intensitydid not reveal any significant differences
betweenChABC and controbnimals(tzo) = 0.134,p = 0.124). A closer inspection of IBA1+
positive microglia in both treatment groups alspegred to show similar morphology. There
were also no observable differences in GFAP labetipg=1.216,p = 0.540). Similarlyjn the
RSC group (Figure 8ye did not detect any significant changes in IBA1+ cell counts
(tes=1.473,p=0.337), and IBA1+ microglia appeared to show sirtyileamified,
morphological states on visual inspection. A comparison of GFAP mean brightnesR8CGhe
did not reveal a significant change between the two grdups=(1.869,p = 0.079).These
resuts indicate that our ChABC expression system did not result in ongoing inflammatory

activity.

Spontaneous Activityirst, we conducted a power spectrum analysis of activity from the RSC
for control and treatment groups (Figure 9B). We looked specifiaaltiwo frequency bands:
0.1-1.0 Hz and 1.66.0 Hz. A Wilcoxon ranksum test showed that ChABC animals had
decreased power from baseline within the slow wave frequency rangk @dHk),z= 5.39,p <

0.001 with a medium effect size£ 0.34) and in théelta frequency range (30 Hz), z =

2.19, p = 0.028 with a small effect size=(0.08). In comparison, control animals had similar
power values in the slow wave frequency rarge Q.72,p = 0.47) and the delta frequency band
(z=1.81,p=0.069). These results indicate that PNN degradation resulted in a decrease in the
power of low frequency activity within the RSC. We also evaluRtElb values as a measure of
changes in activity over thame course of spontaneous activity (Figure 9C). We compared

change irRMS from baseline to the-nonth time point for both groups. A repeated measures
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ANOVA of treatment group and cortical area revealed a main effect of corticaFargea4)=
1.865 p = 0026) but no main effect of ChABE 1, 144)= 1.647 p = 0.203 and no interaction
between the tw@F(17, 144= 0.769 p = 0.727). Posthoc comparisons did not reveal any

significant differences between control and ChABC treated animals in ahg BQls.

CorrelationsBetween RSC & Other Cortical Ared probe the connectivity between the RSC
in each hemisphere with other cortical areas, we evaluated correlations between their activity
(Figure 10A, B). First, we probed changecorrelated activity between the RSC and ipsilateral
cortical areas (Figure EQ bottom), where a twewvay ANOVA showed no significarhain

effect of cortical are@~(15 129 = 1.656 p = 0.068, treatmen{F(, 129 = 2.26Q p = 0.135 and no
interaction(Fs, 129 = 0.650, p = 0.829. Comparing changes in correlated activity between the
RSC and contralateral areas (Figur& lifottonm) showed a main effect of cortical ar@aus, 128
=2.05Q p=0.014), but no main effect of treatmef(, 129 = 0.283 p = 0595) and no

interaction between area and treatm(&iis, 109 = 0.92 p = 0545). These results suggest that
PNN degradation within the RSC did not result in significant changes in interconnectivity

between cortical areas.

Seed Pixel Analysi3.o evaluate common activation with the RSC, we conducted a seed pixel
analysis by calculatg correlation coefficients between the region of interest pixel and every
other brain pixel in the field of view. A twevay repeated measures ANOVA examining the
effects of time and treatment on RSC seed pixel maps (Figure 11B, left) showed no main effect
of time (F(1, 8) =2.37Q p=0.163), treatmen{F, sy= 0.40 p = 0544), and no interaction

between the twéF1, 8y=0.15 p=0.709. To further corroborate these results and confirm the
effect was not specific to the threshold chosen, we tedtsss aestrictive threshold for

establishing a retrosplenial seed pixel (Figure 11B, right). Here,-awvayaepeated measures
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ANOVA revealed a main effect of tin{&q, sy= 6.18Q p = 0.038), but no main effect of
treatmeniF, 8= 0.02Q p = 0.885 and no interactioF, sy= 0.06Q p = 0.807). Posthoc

comparisons at between time points of either group did not reveal significant differences.

Auditory-Evoked ActivityWe evaluated ssory-evoked activity after presentation of an auditory
stimulus to evaluate whether PNN degradation might alter sensory processing. First, we analyzed
the timecourse of activation (Figure 12A) in the auditory cortex of the contralateral hemisphere
by assesing peak response amplitude and peak response delay. We utilized-festeda

compare each condition from baseline tmanth. Neither control or ChABC groups showed
significant changes between the two time points on peak amplitude (Figure 128TRip;

t4=0.061, p = 0.953; DOX:t(5=0.258 p = 0.807) or peak delay (Figure 12B, middle; CTRL:
t4=0.466 p = 0666; DOX:t5=0.791 p = 0.465). To further evaluate the neural response to the
auditory stimulus, we conducted an area under the curve calculation of the activation time course
for 15 ms after the stimulus was presented (Figure 12B, bottom). Avalyagepeated measures
ANOVA for the contralateral hemisphere showed no main effect of(f@e)= 0.03Q p =

0.868) or treatmentF1, 9) = 0.00Q p = 0949, and no interaction between the t{#g., 9)=

0.00Q p = 0973). These results indicate that PNN degradation within the R&6od have an

impact on the evoked activity of the auditory cortex after the presentation of an auditory

stimulus.

Discussion

Here, we evaluated whether PNN degradation in the mPFC or RSC would impact performance
on several assessments of working memory and utilized optical imaging to evaluate changes in
cortical activity and connectivity after their focal disruption. By usiniglwectors to express

ChABC under the control of a dietary trigger, we allowed for behavioural assessments at
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baseline, after 30 days of ChABC expression, and at a firdhg@ime point, 30 days after
ChABC had been withdraw@nly in the RSCdegradatia group did we detecny cognitive
changes, witta moderatedeficit after 30 days of ChABC expression on the crossnagjatt
recognition These moderate deficits are somewhat surprising given the role of the RSC in
cognition and immunohistological dateatconfirmed that our dexChABC viral vector for

ChABC expression was effective at reducing PMMNd showed decrease in PV+ interneurons
the RSC after ChABC expression. Furthermore, we sdaxsing widefield optical imaging of
calcium fluorescencdnat PNN degradation within the R®€creasethe power of low

frequency activity generated from the RSC but did not alter other measures of overt activity or

connectivity.

Our findings suggest that PNN degradation within either the mPFC ohBR&®
impact on locomotor or exploratory activity within the open field. Despite the-destribed
role of the RSC in spatial cognition we did not expect to see differences in open field behaviour,
although studies of the impact of RSC manipulations on open fdlaMour are limited. While
outright lesions of the RSC have been shown to impact spontaneous alternation behaviours, these
deficits are dependent on additional conditions placed on th¢éQasker & Mizumori, 1999)A
consensus is that the RSC is involved in more complex aspects of spatial cqéwétxamder et
al., 2023; Miller et al., 2014; Mitchell et al., 201®patial tasks such as those that involve
spatial memory, allocentric cue processing orswéching, andbject location memory have
all been shown to be impaired by RSC manipulat{@isen et al., 1994; Pothuizen et al., 2008,
2010) Another example can be drawn from spatial alternation tasks, where simpleofdahas
task do not appear sensitive to manipulations of the RSC, but more complex ones which involve

additional conditions placed on the task(Bothuizen et al., 2008previous studies utilizing
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genetic knockouts of PNN components, such as tenascin or brevican, have shown impairment in
spatial memory tasks, including spontaneous alternéfiavuzzi et al., 2017; Montagallaz &

Montag, 2003; Stamenkovic et al., 201HMpwever, these knockoutssultin far more global

deficits in the formation of the PNNBrbughout the brain compared to the more focal

degradation utilized here. Given this, the fact that spontaneous alternation is unaltered after PNN
degradation at either site is not surprising. We did however observe an increase in the time spent
in the peimeter of the arena in animals treated with ChABC at thd&30time point. While this

result is interesting, we would exercise caution in its interpretation. A wide variety of studies

have demonstrated that the use of anxiolytic or anxiogenic compouitiis thve open field
assessment utilized here fail to produce predictable results and it is considered best suited for

only locomotor and exploratory assessméHimanshu et al., 2020; Prut & Belzung, 2003)

In the RSC cohortChABC animals were unable to perfothe crossmodal object
recognition taskat above chance levels after 30 days of ChARGtmen{whereas controls
were significantly better than chancklowever, we would note that in our study ChABC
animals also showed elevated exploration times in the visual and crossmodal phases of this task,
which might indicate that the change in peniance on this task was driven by factors other than
working memory alone. While the impairment we observed was subtle, this result is consistent
with a previous study showing that lesions of the RSC in rats can impact performance on this
task(Hindley et al., 2014)Another report from primates indicates that during aging, PNNs
surrounding K+ cells decrease and this decline in PNNs is correlated with poorer performance
in object recognition task$ray et al., 2023)Together, these results indicate that the RSC could
have a role in working memory beyond just its wekdkcribed role in spatial workimgemory.

Interestingly, lesions of the RSC do not affect performance on standard versions of the
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spontaneous object recognition t¢Eknaceur et al., BY; Vann & Aggleton, 2002)

Manipulations of the RSC shown here, as well as in Hindley et al., (2014) also indicate that
unimodal tactile and visual object recognition are spared. These common results indicate that
RSC contributes specifically to theossmodal aspect of this task, which challenges working
memory to integrate sensory information from multiple modalities. However, we encourage

further replication of this finding to better validate RSC involvement in the crossmodal task.

One function othe RSC that may be involved in crossmodal object recognition is feature
binding. Feature binding is the process by which the different attributes or characteristics of an
object, which can be drawn from a wide variety of sensory modalities, are intednatssl
crossmodal task, that process is challenged during the crossmodal phase of the test, which
requires visuatactile integration about the features of an object for successful object
recognition. Typically, the RSC has thought to play a role intilmedased contributions to
feature binding, such as is demonstrated in the ehjguiace task, though the present data
suggests that itdéds rol e coul @ggketen &Nelsos, 202@& st r i c
Vann & Aggleton, 2002) Further examination of the role of PNN degradation within the RSC in

other tasks that depd on feature binding, such as the those evaluating object recency, or object

location, would be informative in better describing its role in this process.

A consideration of the connectivity of the RSC is also worthwhile when interpreting our
results. WHe the bulk of connections within the RSC are thought to originate within the RSC
itself, it also features a broad network of connectivity with both cortical and subcortical
structuregKobayashi & Amaral, 2003; Mitchell et al., 2018)otable among this network is
connections with areas involved in object recognition and working memory. The RSC is known

to sharestrong reciprocal communication with the parahippocampal region. This region of the
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brain, particularly the perirhinal cortex, have shown to have a clear involvement in the

crossmodal object recognition ta@khoff & Ranganath, 2015; Taylor et al., 2006; Winters &

Reid, 2010) Similarly, the RSC shares prominent reciprocal connections with the frontal cortex
which has a demonstrated involvement in crossmodal object recogwitradi et al., 2005;

Reid et al., 2014)Given the highly interconnected nature of the RSC and the fact that PNN
disruption can alter inhibitory activity patterns, the impambabserved here could also be

mediated by altered signaling to other areas involved in working memory or feature binding
(Dzyubenko et al., 2021)Another anatomical consideration is the high degree of connectivity of
the RSC and other regions of the brain thought to be involved in spatightion and spatial

memory, such as the hippocampus and secondary motor cortex. While the crossmodal and oddity
tasks are not intended to challenge spatial memory, the presence of altered explorations times for
animals with PNN degradation in the pressmdy indicate that observed deficits may not be

driven solely by working memory impairments.

A third consideration for the observed deficits here is cellular consequences of PNN
degradation. The obvious consequences in our data were a significaritRdssiaterneurons
present within the RSC after ChABC treatment. This deficit was quite striking and stands in
contrast to previous studies demonstrating that PNN degradation can have consequences for PV+
cell activity and expression but typically does restult in outright cell loss. However, most
studies investigating the impact of PNN degradation on PV+ cells typically utilize single
administrations of ChABC. Here we utilized prolonged expression over 30 days. Thus, the
observed results here may be thee to prolonged expression of ChABC and PNN degradation.
Consistent with this, previous studies have indicated that in cells which would typically express a

PNN, their sustained absence renders these cells more vulnerable to environmental stressors
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(Cabungcal et al., 2013; Ruden et al., 2021; Suttkus et al.,.ZDth®r studies have

demonstrated that ChABC treatment can reduce PV protein and reRN@ssion within PV+
cells, making them more difficult to identifyamada et al., 2015)n addition to affecting PV+

cell integrity, numerous studies have demonstrated that PNN degradation can lsageiences
for the activity of PV+ cells. Common findings are that PNN degradation decreases the ability of
fastspiking PV interneurons to maintain high frequency activity and can increase spiking
variability (Chrigensen et al., 2021; Favuzzi et al., 2017; Leesjp., 2017; Wingert & Sorg,
2021) PV+ interneurons are also known to play an important role in the generation of gamma
oscillatory activity(Antonoudiou et al., 2020; Volman et al., 2011; Vreugdenhil et al., 2003)
The impacts of PNN degradation on PV+ cell activity is also apparent witkiretationship,
where degradation can alter gamma oscillatory act{fAgni et al., 2018; Steullet al., 2014)
These studies demonstrate tRAIN degradation can impact both PV+ interneurons and the
generation of gamma oscillatory activity, which is particularly relevant to object recognition
tasks as gamma oscillations are integral to feature binding pro¢€sags Singer, 1989;
Honkanen et al., 2015; TalleBaudry & Bertrand, 1999)Given this information, one possible
explanation for the crossmodal and oddity deficits observed here could be that they are only

indirectly related to PNN disruption, but rather bediated by a loss of PV+ activity.

PV+ interneurons have diverse roles in generating inhibitory activity within the cortex,
but most relevant among them to the present study might be their role in pattern separation
(CaycoeGajic & Silver, 2019) The successful identification of similar, but not identical stimuli
requires that these inputs be separated into different patterns of neural activity. PV+ interneurons
play a critical role in this process by inhibiting competing assemblies of neurdas wh

discriminating between stimuli. This is well demonstrated in a study of mouse visual processing,
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where suppression of PV+ activity increases the overlap of cellular activity in response to
different visual input¢Zhu et al., 2015)This in turn makes it difficult to discriminate between

two stimuli. Similarly, the suppression of PV+ interneurons increases the overlap in cellular
responses to visual stimuli that previously had a more separate representation in the brain
(Agetsuma et al., 2018pther studies have shown that the role of PV+ interneurons in
discriminating different stimuli is not restricted to visual processing. PV+ sggion in the

ventral CA1 region of the hippocampus, which is important for social recognition, impairs the
ability of animals to discriminate between familiar and novel anifizdsg et al., 2019)These
studies demonstrate across multiple modalities that PV+ interneuron activity is important in the
discrimination between stimulin light of the effects of PNN disruption on PV+ cells, this could
indicate that PNN disruption impacts the recruitment of neural assemblies in processing stimuli
and leads to overlap or interference in neural encddiifiggert & Sorg, 2021)In support of

this, PNN removal around grid cells, which encode for spatial environments, made previously
stable representations of familiar environments susceptible to alterations after being exposed to a
novel environmenfChristensen et al., 202I)hus, the loss of PV+ interneurons here may have
contributed to impairments in discriminating between familiar and novel stimuli when
challenged to integrate this information across sensory modalities. iFsixitg is required to

better evaluate the role of PNN degradation and alterations of PV+ activity within the RSC to
determine if they contribute to these discriminations like PV+ interneurons have been shown to

in other processing systems.

PNN degradatio within the mPFC had no effect on open field behaviour, spontaneous
alternation, oddity task preference, or crossmodal object recognition in the present study. This

stands in contrast to previous work from our laboratory that demonstrated that PNNatsrupt
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via direct infusion of ChABC can impair both oddity object preference and crossmodal object
recognition in ratgPaylor et al., 2018)0ur results from the crossmodal object recognition task

are difficult to interpret given that ChABC animals performed poorly at the tasksaaitdhree

time points. There are numerous factors that could have impacted behavioural outcomes on this
task, including the lack of screening with sample phase object exploration measurements, the
length and extent of the behavioural battery utilized, the use of genetic strains and viral

vector injections. Despite the limitations of the present study, other studies offer insight into the
potential role of PNNs in the mPFC in working memory. Animal studies have indicated a clear
role for the mPFC intber test paradigms that evaluate of working menfanderson et aJ.

2020; Benoit et al., 2020; Dexter et al., 2022; Horst & Laubach, 2009; Liu et al., 2014; Yang et
al.,,2014) However, itbés specific involvement in
not clear. In contrast to Paylor et al (2018), a previesion study indicated that damage to the
mPFC alone are not sufficient to impair crossmodal object recogfReid et al., 2014)

Further study is required to better evaluaterétationship between mPFC function and

crossmodal object recognition.

With regards to the oddity preference task, our lab has previously shown that PNN degradation
in the mPFC can decrease oddity preferdReglor et al., 2018 Moreover, PNN counts within

the mPFC were predigk of performance on the task. While the deficits in oddity performance
and the relationship between performance and PNN integrity were not replicated here, there are
numerous differences that could underlie these this. Firstly, our previous work utlizedther

than mice. Mice are typically considered to display lower performance than rats in tests of
cognition and their performance is more subject tocugnitive factors such as stress and

anxiety(Colacicco et al., 2002; Ellenbroek & Youn, 2016; Whishaw & Tomie, 199&e also

t
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respond differentially to common practices in rat studies such axpegimental handling and
habituation, which can adlly enhance stress and impact behavioural perform@heger et

al., 2007) In support of this, the mice in the present study had exhibited lower preference for the
odd object than we had previously shown in rats. Genetic strains of animals like¢hatifired

here, can also have an impact on behavioural performance and should be carefully considered
when being used for behavioural experiméBi®oks et al., 2005; Van Der Staay & Steckler,

2002) With regards to the predictive relationship between PNN integrity and performance on the
oddity task, we had previoysévaluated these two weeks after infusions of ChABC, in contrast

to the present study where this comparison was only made 30 days after the trigger for ChABC
expression had been withdrawn. Differences could also be attributable to the delivery method of

ChABC, where here we used viral expression as opposed to direct infusion of ChABC.

In addition to the behavioural observations we made, our wide field optical imaging of
calcium fluorescence indicated that PNN degradation within the RSC had no obsemnsue i
on broader cortical activity or interconnectivity between cortical regions. This alone is
informative in that it demonstrates that PNN disruption and subsequent PV+ cell loss within the
RSC is not sufficient to disrupt broader patterns of activithénbrain. We did however note
decreased power of slow wave (1D Hz) and delta (1-8.0 Hz) frequency activity within the
RSC after PNN degradation. Due to the close relationship between PNNs and PV+ interneurons,
research has focused primarily onithepact within high frequency ranges such as the gamma
band 40-100 Hz). However, low frequency activity such as delta has been implicated in sensory
processing and in diseases that feature sensory integration dysfunction, su¢hlasdset &,
2010; Howells et al., 2018; M&kiarttunen et al., 2019People suffering from SZ have reduced

taskevoked delta activity and show decreased delta coherence between brain structures when
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attending to stimul{Bates et al., 2009; Ford et al., 200R)eatment with NMDA antagonists,

such as ketamine or MBO1 have also been shown to decrease delta adtiatyg et al., 2010;

Hunt et al., 2010; Kiss et al., 20IMahdavi et al., 2020 hese results pair well with delta
abnormalities shown in SZ studies, as NMDA antagonists can indutkeS&/mptoms in

human subjects and are widely utilized in animals to model SZ. NMDAR antagonists can also
impact parvalbunm expressiorfKaushik et al., 2021; Keilhoff et al., 2004; Koh et al., 2016;
Matuszko et al., 2017; Venturino et al., 2021; Zhou et al., 20thJ)s, h our data the loss of

PNNs and subsequent disruption of PV+ interneurons may have reduced delta power, similar to
the consequences of NMDAR antagonism. While these interpretations require scientific study to
back them up, a growing body of research suggést NMDA hypofunction, particularly

within PV+ interneuron could have implications for 8Zmore directink between PV+ cells

and delta power has also been demonstrated in healthy contexts. Stimulation of inhibitory
interneurons expressing GAD67+, iafm all PV+ interneurons express, in the parafacial zone

can instantly and reliably induce the onset of sleave sleep in animals and also increases the
power of delta frequency activity. Lu et al., 2018)While the context of slow wave sleep is

not applicable in the present study, this against suggests that inhibitory interneuron activity can

impact the power of the delta band.

While wide field optical imaging has been sparsely utilized to evaluate changes after
PNN degradation, the application is still intriguing for future studies. One previous study
utilizing this technique demonstrated that during transitions from restamta@n, or vice
versa, most brain nodes examined increased in correlated a@tast et al., 2022However,
during steady states of continuous locomotion, most nodesadeet in correlated activity. In

contrast, correlations between the RSC and secondary motor cortex increase during continuous
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locomotion. Others have utilized wide field optical imaging to show that the RSC is involved in
associating environmental contextgh appropriate motor outpufsranco & Goard, 2021)

These studies demonstrate that the RSC plays a role in determining the appropriate motor
activity within environments and are informative when considering the changes in exploratory
activity we observed here after manipulation of the RSC. Wide field optical imaging has an
exciting potential for evaluating brain activity and connectivity, and further utilization of this
technique when evaluating PNN degradation would be insightful. ParticilaHg context of
investigating CNS disorders like schizophrenia, where aberrant connectivity and PNN loss are
noted features, wide field optical imaging offers unique opportunities to evaluate the broader

impacts of PNN loss.

Conclusions

Thepresent study demonstrates that PNN degradation within the RSC may have a subtle impact
on working memory as demonstrated in the crossmodal object recognition task. However,
deficits in the tested constructs of working memory henewaiso paralleled bylanges in

exploratory activity which might indicate that PNN disruption impacted more than just working
memory. Our observation that PV+ interneurons are reduced after ChABC expression is also
interesting, given the important contributions that PV+ interores make to discriminating

between objects. These outcomes warrant further investigation into the impacts of PNN
degradation within the RSC, particularly to evaluate the consequences on cognition, spatial
navigation, and exploratory activity. The apptioa of wide field imaging techniques to studies

of PNN degradation are also encouraged given that PNN loss and aberrant connectivity after a

common feature in certain CNS disorders, such as schizophrenia.
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Figure 4.1. Effeds of ChABC treatment on open field and anxiety behaviour(A)

Representative open field tracking of animal behaviour over the course ofiade trial

(shown top) and a schematic of zones (shown bottom) utilized for to determine anxiety
behaviour in amals. (B) Graphs in the left column describe outcomes for animals in the MPFC
group. A repeatetheasures ANOVA on distance travelled (top left) showed a main effect of
time (F, 70)= 5295 p < 0.01), but no main effect of treatment andmieraction. Poshoc
comparisons showed a significant decrease in control animals from baseline to G@glays (
2.691,p < 0.05). Time and treatment group had no impact on percentage time spent in the
perimeter of the arena (bottom). Graphs in thbtraplumn show RSC outcomes. Similar to the
mPFC, we observed a main effect of tirhe,(s2)= 5.409,p < 0.01) although posgioc

comparisons showed no differences between any of the time points within groups. There was no
main effect of treatment and mderaction. In the RSC group, there was a main effect of time on
time spent in the perimet€y, s4)= 8.022,p < 0.01) but no main effect of treatment and no
interaction Posthoc comparisons showed that ChABC had a significant decrease in time spent
in the perimeter from baseline to 60 datys;)E4.623,p < 0.001). Data presented as mean *

SEM; *, p <0.05, *** p <0.001; (Legend: CTRL = blue; ChABC = red)
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Figure 4.2. ChABC treatment in either of the mPFC or RSC has no impact on oddity object
preference. A) Schematic of the oddity object prefe
the 60ddd object among three ot heoftmesgpennt i cal
exploring the odd object. (B) Graphical repre
at either site. A repeatadeasures ANOVA on mean exploration time (top left) for the mPFC

showed a main effect of tim&, ssy= 7.336, p < 0.01), but no main effect of treatment and no
interaction. Poshoc comparisons showed no differences between time points in either group.

Oddity preference in the mPFC group (bottom left) was also not affected by time or treatment,

and there was no intefitan between the two. Exploration times for the RSC group (top right)

showed an interaction between time and treatnggt$)= 4.519 p < 0.05) but no main effect

of time or treatment. Po$ioc comparisons showed that ChABC treated animals explored the

objects less after 30 daytg4=2.684, p < 0.05). An evaluation of oddity preference in the RSC

group showed a main effect of tinfed s2)= 5254, p < 0.05), but no main effect of treatment

and no interaction. Pesibc comparisons showedg@gnificant increase in exploration between

baseline and 30 days for the control grow(p3) = 3.325p < 0.05). Data presented as mean +

SEM; *, p < 0.05 (Legend: CTRL = blue; ChABC = red).
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Figure 4.3. ChABC expression did not impact working memory performance on the

spontaneous alternation task(A) Schematic of the ¥naze utilized for the spontaneous

alternation task (shown top). A heat map (shown bottom) from a representative trial of an animal
pat i ci pating in the task. (B) Graphical repres
spontaneous alternation task. The-teftumn shows data from the mPFC group. A repeated
measures ANOVA on total arm entries (top left) showed a main effect ofFige)(= 8970, p

< 0.01) but no main effect of treatment and no interaction-fmstomparisons showed that

control animals had significant decreases in exploration time from baseline to 30 days and 60
days (30D1p2) = 2.445,p < 0.05; 60D12) = 6.538 p < 0.001). Spontaneous alternation (bottom

left) showed no effect of time, treatment, and no interaction between time and treatment. In the
RSC group, a repeated measures ANOVA of total arm entries (top right) showed a main effect of
time (F, 64)= 8.242 p < 0.01), but no effect of treatment and no interaction.-Rost

comparisons showed that both groups of animals had significant reductions in arm entries from
baseline to 60 days (CTRUis) = 3.047,p < 0.05; ChABCitus) = 3.711,p< 0.01). Sporgneous
alternation behaviour showed a main effect of tife §4)= 4.890,p < 0.05) but no main effect

of treatment and no interaction. Posic comparisons did not show any significant differences
between time points for either group. Dptasented as mean + SEM; *, p < 0.05, *** p <

0.001; (Legend: CTRL = blue; ChABC = red).
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Figure 4.4. ChABC expression in the RSCesults in a subtle impairment in crossmodal

object recognition. (A) Schematic representation of thenmYaze utilized for the crossmodal

object recognition task. This task involved three phases: visual, tactile, and crossmodal (shown).
In the visual phase, a glass pane prevents the animal from touching the objectbathirthg

training and testing phase. In the tactile phase, red lights are utilized to limit animals to gathering
tactile information about the objects in both the training and testing phase. In the crossmodal
phase, animals are trained under red lightldmns but tested under visual conditions. (B)
Graphical representation of Datanfiomthd niPEC gnougt ¢ 0o me s
is shown in the lefhand column. A repeatadeasures ANOVA on discrimination ratios in the
visual phase (top lefghowed that there was no effect of time, treatment, and no interaction
between the two. Similarly, tactile object recognition (middle left) was unaffected by ChABC
treatment, time, and there was no interaction. In the crossmodal phase (bottom leftjaghare

main effect of treatmeni(y, 31)= 4622 p < 0.05) but poshoc comparisons did not show

significant differences between groups at any of the three time points. One séespseof the
30-daytime point showed that neither control or ChABC animals were able to perform
significantly better than @nce (CTRL11g=1.783 p=n.s.; DOX:tu13)=1.106 p=n.s.). Data

for the RSC group are shown in the rigfiaind column. A repeatedeasures ANOVA showed

that visual object recognition (top right) had no main effect of treatment, time, and no

interadion. Similarly, tactile object recognition (middle right) was unaffected by time, treatment,
and there was no interaction. In the crossmodal phase for the RSC group (bottom right), object
recognition was unaffected by treatment, time, and there wasaradtibn. However, ore

sample ttests showed that ChABC animals were unable to perform significantly better than
chance at this task4s= 0.382,p = n.s.), whereas control animals coul@s=2.823 p < 0.05).

Data presented as mean + SEMp = n.s., one samplddst against chance performance

(Legend: CTRL = blue; ChABC = red).
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Figure 45. ChABC treatment degrades PNNs within the mPFC, but PV+ interneurons are
unaffected. (A) Representative immunostaining for chondre#tisulfate (top), which labels the
cleaved components of PNNs, wisteria floribunda agglutinin (middle), which labels intact PNNs,
and parvalbumin inhibitory interneurons (bottom). Theefihd column shows control (CTRL)
treated animals and the right CB& animals. (B) Graphical representative of measurements for
each stain. ChABC expression resulted in an increase in C4S stairirtyq1), and a decrease

in PNN countsi§ < 0.01) within the mPFC. PV+ interneurons were unaltered. (C) Correlations
between mmunostaining and animal s6 behaviour al
significant relationships were detected between PNNs or PV+ interneurons and crossmodal
object recognition performanc@(NN: R? = 0.008,p = 0.653; PV+R2 = 0.218,p = 0.05)).

Similarly, PNNs and PV+ interneurons had no significant relationship with oddity object
performance®NN: R? = 0.044, p = 0351, PV+: R = 0019, p = 0621). Data presented as mean

+ SEM; *, p< 0.05; **, p< 0.01 (Legend: CTRL = blue; ChABC = red).
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