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Abstract 

Perineuronal nets (PNNs) are organized components of the extracellular matrix that surround 

mature neurons of the central nervous system (CNS). These structures have neuroprotective 

properties for host cells, provide structural and functional stability, and have been implicated in 

brain functions such as learning and memory. This is particularly relevant given that the loss of 

PNNs is observed in diseases of the CNS, such as schizophrenia and Alzheimer’s disease, which 

also feature cognitive impairment. Given these observations, there is great interest into 

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, I evaluated PNN deficits in the 5xFAD mouse model of 

Alzheimer’s disease. This model features amyloid-β deposition, neuroinflammation, cell loss, 

and cognitive impairments in tests of memory. I show that 7- and 11-month-old animals have 

PNN deficits in three of five brain regions examined, including the primary motor cortex, CA1 

of the hippocampus, and retrosplenial cortex. I also present data showing that 7-month-old 

animals have an impairment in memory function. A strength of this work is its evaluation of 

PNN integrity across numerous brain regions, whereas a focus on a single region is a limitation 

of other studies in this field. Together, our findings and others indicate that the 5xFAD model 

exhibits PNN deficits and support is use in evaluating the mechanisms of PNN loss in AD. 

 In my second experiment, I 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 and cognitive impairment in these models cannot provide causative 

evidence that PNN loss contributes to these impairments. Thus, in this study I sought to degrade 

PNNs locally within the medial prefrontal cortex of rats to evaluate the impact on cognitive 

function. My results show that PNN degradation within the mPFC results in impairment in two 

tests of working memory. PNN degradation however did not impact behavioural flexibility or 

sensorimotor gating, and the integrity of PV+ interneurons or local inhibitory connectivity was 

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.  
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 Finally, I evaluate the impact of PNN degradation in the medial prefrontal cortex and 

retrosplenial cortex of mice on four behavioural assessments designed to assess memory 

function. To degrade PNNs, I utilized a viral vector system called dox-i-ChABC which 

expressed ChABC under the control of a dietary trigger. This 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 cognitive performance. In animals with PNN degradation in the RSC, 

there was subtle impairments in performance on the crossmodal object recognition task and a 

loss of PV+ interneurons, although these animals also exhibited changes in exploratory 

behaviour which could have impacted their performance. I also evaluate the impact of PNN 

degradation on cortical activity patterns using wide field calcium imaging. PNN degradation left 

cortical activity and connectivity largely unaltered, although there were decreases in the power of 

low frequency activity within the RSC. Together, these experiments show that PNN degradation 

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

 In summary, my work shows PNN deficits in a prominent animal model of AD and 

shows that it may be useful in further evaluations into PNN deficits and AD. I show mixed 

evidence of PNNs involvement in several tests of cognitive function, which varies by the region 

affected and animal species. I demonstrate that PNN loss does not have an immediate effect on 

the integrity of closely associated PV+ cells, but that prolonged degradation can. PNN 

degradation also decreased the power of low frequency activity 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. These findings are particularly relevant for 

diseases such as Alzheimer’s and schizophrenia, which feature both PNN loss 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 central nervous system such as schizophrenia 

and Alzheimer’s
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1.1 Perineuronal Nets 

Perineuronal nets (PNNs) are complex, reticular assemblies 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 and Ramón y Cajal in 1983. Golgi first identified 

them, where he described the presence of a non-neuronal ‘corset of neurokeratin’ or, “a delicate 

covering, mainly reticular in structure… which surrounds the cell body of nerve cells” (Golgi, 

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

given his powerful influence in the field of neuroanatomy, interest into these structures waned.  

More than a century later we now know that PNNs are critical structures in 

neurodevelopment, they support and protect mature neurons of the CNS, they restrict neuronal 

plasticity, and they contribute to behavioural outputs of the brain. PNNs are a part of the broader 

extracellular matrix (ECM), which comprises approximately 20% of the brains total volume and 

includes the interstitial matrix, which is loosely distributed throughout the parenchyma, the basal 

lamina, PNNs, and perinodal matrices at nodes of Ranvier (Dityatev et al., 2010; Fawcett et al., 

2019; Nicholson & Syková, 1998; Rauch, 2007). Among these, PNNs are the most organized 

presentation. They surround the cell body, dendrites, and axon initial segments of the neurons 

that host them. Synaptic inputs intended for neurons surrounded by these matrices are thought to 

penetrate the net, which provides structural support for their connection and creates a permissive 

site for transmission (Sigal et al., 2019; Tsien, 2013). PNNs are present in almost all mammalian 

CNS tissues, although they can vary significantly in the neuronal types they surround, their 

distribution, and composition (Galtrey et al., 2008; Hendry et al., 1988; Jäger et al., 2013; Lupori 

et al., 2023; Seeger et al., 1994). In the brain, PNNs are most often found surrounding inhibitory 

interneurons, whereas in the spinal cord, many motor neurons within ventral and intermediate 
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horns possess them. In the neocortex, PNNs are most frequently observed surrounding 

parvalbumin-positive (PV+) inhibitory interneurons, although they have been identified sparsely 

surrounding some pyramidal cells (Matthews et al., 2002). In some areas of the brain, up to 70% 

of PV+ interneurons co-localize with wisteria floribunda agglutinin (WFA) labelled PNNs, the 

most common immunohistochemical stain used to identify them (Lupori et al., 2023). Over the 

last several decades, PNNs have gained increasing appreciation for their role in the ‘tetrapartite 

synapse’ which also includes astrocytes and the traditional presynaptic and postsynaptic 

elements of chemical synapses within the CNS (Dityatev et al., 2006; Dityatev & Rusakov, 

2011; Song & Dityatev, 2018).  

1.2 Structure of PNNs 

The primary components of PNNs include hyaluronan, chondroitin sulfate proteoglycans 

(CSPGs), link proteins, and tenascins (Carulli & Verhaagen, 2021; Kwok et al., 2010; 

Yamaguchi, 2000). Hyaluronan is the backbone of PNN structure and the foundation upon which 

other components assemble. It is synthesized by hyaluronan synthase, a plasma-membrane 

bound enzyme primarily expressed in neurons. During synthesis, hyaluronan can be bound to the 

membrane of a cell by hyaluronan synthase, which is thought be the mechanism by which PNNs 

are anchored to host cells (Kwok et al., 2010). Consistent with its foundational role in PNNs, 

degradation of hyaluronan with hyaluronidase completely disrupts PNNs (Deepa et al., 2006; 

Happel et al., 2014; Sun et al., 2018). While hyaluronan serves the backbone of PNN structure, 

CSPGs are the primary constituent that condense around this scaffold. CSPGs found in PNNs are 

members of the letican family of proteoglycans, including aggrecan, versican, neurocan, 

phosphocan, and brevican. Among these, aggrecan appears consistently in nearly all PNNs, 

while the other CSPGs are present in varying degrees based on the cell type of the host and 
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region examined (Dauth et al., 2016; Miyata et al., 2018; Zimmermann & Dours-Zimmermann, 

2008). CSPGs consist of a core protein and varying numbers of chondroitin-sulfate 

glycosaminoglycan chains (CS-GAG) attached to the core protein. CS-GAG chains are 

comprised of disaccharide units of glucuronic acid and N-acetylgalactosamine. Both N-

acetylgalactosamine and glucuronic acid can be sulfated at various positions, which can impact 

their function. This is notable when comparing the unique functions of PNNs relative to the 

broader interstitial matrix as they exhibit differently sulfated CS chains which confer them with 

differing functions (Deepa et al., 2006). The most widely utilized marker for PNN detection with 

immunostaining, WFA, binds to an unknown sulfation motif within CS-GAG chains. However, 

not all PNNs are labelled with WFA, likely due to the significant heterogeneity in sulfation 

patterns (Matthews et al., 2002). Numerous growth-modulating molecules also bind to CS-GAG 

chains, such as neurotrophins, semaphorin 3A, reelin, and the transcription factor orthodenticle 

homeobox 2 (OTX2; (Beurdeley et al., 2012; Dick et al., 2013; Lensjø et al., 2017; Martı́nez-

Cerdeño & Clascá, 2002; Pesold et al., 1999). Interestingly, the sulfation patterns of CS-GAG 

chains also differ throughout development. Chondroitin-6-sulfate (C6S) is most prominent 

during development and has growth-promoting properties whereas chondroitin-4-sulfate (C4S) 

upregulates throughout the lifespan and has growth-inhibiting properties (Foscarin et al., 2017; 

Kitagawa et al., 1997; Miyata et al., 2018; Wang et al., 2008). The additional components of 

PNNs, link proteins and tenascins, facilitate binding of CSPGs to hyaluronan and to other 

CSPGs, respectively (Kwok et al., 2015; Oohashi et al., 2015). Genetic knockouts of either 

tenascins or link proteins has been shown to impair PNN formation and can elicit similar 

plasticity-enhancing properties within neurons and larger cortical networks (Bekku et al., 2012; 

Brückner et al., 2000; Carulli et al., 2010; Weber et al., 1999). While these knockouts can impair 
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PNN formation, total CSPG levels in the brain are typically unchanged, demonstrating their 

unique contribution to the assembly of PNNs. While 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, and several 

CSPGs while neurons have primarily been shown to produce CSPGs such as aggrecan, 

phosphocan, and brevican (Lander et al., 1998; Miyata et al., 2005; Seidenbecher et al., 2002). 

However, PNNs have been shown to assemble even without the presence of glial cells, although 

in atypical presentation suggesting 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 Formation 

Diversity among the components of PNNs confers them with dramatically differing functional 

roles as an assembled structure. This is readily demonstrated throughout development where 

PNNs exhibit significant growth and change during the post-natal lifespan. During early 

embryonic development PNNs are largely absent but their components such as hyaluronan and 

neurocan are readily detectable in the CNS (Milev et al., 1998). Neurocan is primarily expressed 

early in development and serves as an axonal guidance cue for the developing nervous system 

(Miller et al., 1995; Pearlman & Sheppard, 1996). During the post-natal lifespan, the 

upregulation of link proteins seems to initiate the congregation of PNN components into a 

structured assembly (Carulli et al., 2006, 2007) . 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 secrete cartilage link protein 1 (Ctrl1) and 

aggrecan, they will organically condense into a compact PNN-like matrix. This role for link 

proteins appears to be tailored specifically towards PNN formation, as animals lacking Ctrl1 



6 
 

 

have attenuated PNN formation, but levels of CSGPs within the brain are still similar (Carulli et 

al., 2010). Unique isoforms of link proteins also appear to be suited to binding specific CSPGs to 

PNNs. In animals lacking Bral2, the presence of brevican is significantly reduced in PNNs, but 

aggrecan is unaltered (Bekku et al., 2012). By contrast, Ctrl1 appears to primarily bind aggrecan 

and versican to hyaluronan (Binette et al., 1994; S. Shi et al., 2004; Shibata et al., 2003). Genetic 

knockout studies have also demonstrated that components such as aggrecan are not only required 

for PNN formation, but also maintenance. In animals lacking Acan, a gene encoding for 

aggrecan, animals display brain-wide disruption of PNN formation (Rowlands et al., 2018). 

Notably, acute knockout of Acan within the visual cortex of mature mice also disrupts the 

accumulation of CSPGs and link proteins into their structure, supporting the suggestion of a role 

in ongoing PNN maintenance.  

The developmental trajectories of PNNs have been described primarily based on rodent studies. 

In the mouse brainstem 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, 

respectively (Brückner et al., 2000; Nakagawa et al., 1987; Ueno et al., 2017). The most 

significant increase in PNN markers was generally observed between PND 21 and 40 in one 

characterization of mouse PNN development (Brückner et al., 2000). However, other studies 

have demonstrated that these trajectories can differ vastly by region. For example, PNNs in the 

somatosensory cortex of mice PNNs see the most significant growth between PND 14 to 28, 

whereas in the medial prefrontal cortex (mPFC) continued growth is observed until PND 56 

(Lipachev et al., 2019; Ueno et al., 2017). In rats, our lab has previously shown steady increases 

in PNN growth in the mPFC until PND 90 (Paylor et al., 2016). Observations from human post-

mortem studies indicate that PNNs in the mPFC are faintly detectable as early as 54 days of age 
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(Mauney et al., 2013; Rogers et al., 2018). However, more typical presentations were not 

apparent until 2 years of age in the mPFC or hippocampus, and these steadily increased until 8 

years of age. The formation of PNNs appears to be an activity-dependent process. Suppression of 

neuronal activity with tetrodotoxin inhibits PNN formation (Reimers et al., 2007). Similarly, in 

animal studies utilizing sensory deprivation such as dark rearing which restricts the necessary 

light stimuli for early maturation of the visual cortex, PNN formation is diminished (Pizzorusso 

et al., 2002). Whisker trimming and auditory deprivation have similar effects on PNN formation 

in the somatosensory and auditory cortices, respectively (McRae et al., 2007; Reinhard et al., 

2019; Ueno et al., 2017). This activity-dependent formation of PNNs is integral to their 

involvement in the closure of so called “critical periods of plasticity”. 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 

which results in the formation of ocular dominance columns, which preferentially respond to 

input from the left or right eye. Dark 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 

receiving input. However, after maturation of the visual cortex, dark rearing no longer impacts 

the stability of ocular dominance columns. PNNs were considered as one possible mechanism for 

this resiliency to dark rearing during maturity, as their formation coincides with the closure of 

this critical period of plasticity. This was readily demonstrated in additional experiments 

showing that degradation of PNNs in the mature visual cortex with chondroitinase ABC 

(ChABC), a commonly used enzyme for degrading CS-GAG chains within PNNs, can revert 

ocular dominance columns to a more plastic state which are sensitive to sensory deprivation. 

Since this discovery similar relationships between PNNs and critical periods of plasticity have 
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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 songbirds (Balmer et al., 2009; 

Cornez et al., 2020; Cornez, Collignon, et al., 2020; Gogolla et al., 2009; Nowicka et al., 2009). 

Recent work has also described a critical period for episodic memory encoding within CA1 of 

the hippocampus (Ramsaran et al., 2023). Importantly, genetic knockout studies specifically 

targeted PNN components such as tenascin-R or aggrecan also show similar effects of persistent 

ocular dominance plasticity (Bekku et al., 2012; Carulli et al., 2010; Rowlands et al., 2018). 

Given that total CSPG levels within the brain are similar despite diminished PNN formation in 

these animals, it suggests that PNNs specifically play a role in the closure of critical periods of 

plasticity. Together, the studies described here demonstrate that PNNs play a critical role in the 

developmentally regulated maturation of both primary sensory areas as well as regions of the 

brain associated with more complex functions, such as fear and memory. It has been suggested 

that PNNs could even play similar roles in the maturation of more complex cognitive domains 

such as the frontal cortex and executive control, although putative critical periods for these have 

yet to be defined. 

1.4 Function of PNNs 

The functions of PNNs have been most readily described by studies that destabilize PNNs or 

utilize genetic knockouts of PNN components to exhibit the consequences of their loss. Firstly, 

PNNs and their components have a variety of direct interactions with other molecules and 

cellular receptors. During development, PNNs show numerous interactions that suggest an 

involvement in synapse formation and receptor clustering. They facilitate synapse formation and 

clustering of AMPA receptors through their interactions with pentraxins, which are secreted at 

presynaptic terminals of synapses targeting PNN-surrounded neurons (Chang et al., 2010; Lee et 
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al., 2017; Xu et al., 2003). PNNs also interact with integrins, via which they can influence 

dendritic spine motility, which is consistent with studies showing that enzymatic degradation of 

PNNs can increase spine motility (de Vivo et al., 2013; Majewska & Sur, 2003; Orlando et al., 

2012; Pizzorusso et al., 2006). Aggrecan-immunoreactive 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 formation (Dino 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 a PNN (Favuzzi et al., 2017). 

The binding of signaling molecules within PNNs structure is not restricted to development either. 

In mature synapses, CSPGs interact with AMPA receptors and potassium channels to restrict 

their mobility and extra synaptic diffusion (Favuzzi et al., 2017; Frischknecht et al., 2009). In 

this role PNNs affect synaptic depression by restricting the exchange of desensitized receptors 

for naïve ones during periods of high-frequency stimulation. Developed PNNs also show 

interactions with chemorepulsive axon guidance proteins such as semaphorin 3A, which may 

repulse impinging synaptic connections onto mature neurons (de Winter et al., 2016; Orlando et 

al., 2012). Reelin, which plays a role in NMDA receptor organization within synapses is also 

integrated into PNNs structure (Campo et al., 2009; Iafrati et al., 2014; Pesold et al., 1998). In 

addition to these molecular interactions PNNs play an important role in regulating neuronal 

physiology, although this can vary significantly by region and cell type. Generally, PNN loss 

appears to alter the balance of excitation and inhibition by reducing inhibitory activity (Wingert 

& Sorg, 2021). This is supported by studies showing that enzymatic degradation of PNNs can 

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

electrophysiological activity (Christensen et al., 2021; Lensjø et al., 2017). Other common 
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observations within PV+ cells after PNN degradation are decreased firing rates, reduced firing 

thresholds, and increased firing variability (Balmer, 2016; Dityatev et al., 2007; Hayani et al., 

2018; Liu et al., 2023; Wingert & Sorg, 2021). PNN degradation has also been shown to impact 

synaptic physiology although often with contrasting effects. PNN disruption within the visual 

cortex or perirhinal cortex can enhance long-term depression (LTD) but impairs early-phase LTP 

and LTD in CA1 of the hippocampus (Bukalo et al., 2007; Romberg et al., 2013). LTP within the 

visual cortex is also enhanced by ChABC administration (de Vivo et al., 2013). Even within 

regions such as the hippocampus, PNN degradation can have differing consequences. Pyramidal 

cells within CA2 of the hippocampus show a loss of LTP after PNN formation and ChABC 

treatment can restore it (Carstens et al., 2016). In contrast, within the CA1 region ChABC 

treatment suppresses LTP (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 unique compositions. Nonetheless, these findings reflect that PNNs have an impact on 

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 neurons. CS-GAG chains within PNNs are highly charged 

structures that contribute to PNNs forming a polyanionic environment in the pericellular space 

around neurons. This environment can act as a buffering system for calcium (Ca2+), potassium 

(K+), and sodium (Na+), which are necessary for cellular function (Brückner et al., 1993, 1996; 

Härtig et al., 1999). PNNs have been shown to buffer bivalent cations such as Ca2+ by 

contributing to local diffusion properties in the pericellular space (Hrabětová et al., 2009; 

Okamoto et al., 1994). In addition to these supports of ogoing cellular demand PNNs can bind 
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high amounts of cations such as iron (Fe2+) which can contribute to oxidative stress (Morawski et 

al., 2004; Reinert et al., 2022). Other studies have shown that during development when PV+ 

interneurons are not yet surrounded by a PNN, they are more vulnerable to oxidative stress than 

mature PV+ cells that are bearing them (Cabungcal et al., 2013). Similarly, in mature PV+ cells 

treatment with ChABC to degrade PNNs renders them vulnerable to oxidative stress. 

Interventional studies also suggest that antioxidant therapies such as N-acetylcysteine can 

diminish oxidative stress and prevent its effects on PV+ cell health and PNN disruption (Cardis 

et al., 2018; Dwir et al., 2021; Hameed et al., 2023). This neuroprotective role is also indicated 

by observations in the context of disease. In AD, neurons surrounded by PNNs are less likely to 

accumulate lipofuscin, an intralysosomal pigment produced by Fe2+-induced oxidative stress 

(Morawski, et al., 2004). In animal models featuring excessive oxidative stress, such as Glcm 

knockout mice, PNN surrounded neurons appear less affected (Suttkus et al., 2014). PNNs have 

also been shown to protect neurons against excitotoxicity induced by high concentrations of 

glutamate or trimethyltin intoxication (Okamoto et al., 1994; Schüppel et al., 2002). 

Interestingly, this neuroprotective role may shield more than just host neurons. Under normal 

conditions CSPGs within PNNs are largely resilient to proteolytic degradation by trypsin, 

chymotrypsin, or pepsin, but after ChABC treatment CSPGs are readily digested by these same 

enzymes (Koppe et al., 1997). In addition to these studies demonstrating PNNs neuroprotective 

roles, there is a broader body of literature also describes similar neuroprotective properties for 

individual PNN components such as tenascin-R (Angelov et al., 1998; Egea et al., 2010; Liao et 

al., 2005). Together, these findings present strong evidence that PNNs provide both local support 

for the physiological demands of host neurons and protect against stressors on cell function. The 
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importance of this function is doubly important when considering that a significant proportion of 

PNNs surround highly active PV+ interneurons which have incredible metabolic demand.  

1.5 PNNs and PV+ Interneurons 

Any consideration of the functional roles of PNNs or the impact of their loss is inextricably tied 

to their close association with PV+ interneurons. These interneurons are defined by their 

expression of the calcium-binding protein parvalbumin (Hu et al., 2014; Lim et al., 2018). Nearly 

all PV+ interneurons are GABAergic, and they are typically classified as either chandelier or 

basket type cells. These interneurons are highly active and fast-spiking, and are found throughout 

the cortex, thalamus, striatum, cerebellum, and hippocampus. Within the cerebral cortex, 

approximately 10-20% of neurons express GABA and among those 30-50% express PV+, 

making them the largest category of inhibitory interneurons (Cowan et al., 1990; Rudy et al., 

2011; Tamamaki et al., 2003). This cell type can exert remarkable influence over local cortical 

circuits. A sampling of the connectivity between individual PV+ cells and their local 

environment shows that in some areas up to 75% of pyramidal cells within a 200 µm distance of 

a particular PV+ interneuron make connections (Packer & Yuste, 2011). Their most distal 

synapses can be over 300 µm from their soma. PV+ interneurons are the primary source of 

perisomatic inhibition onto pyramidal cells, giving them a high degree of influence on target 

neurons (Carceller et al., 2020; Freund & Katona, 2007). Studies have shown that PV+ cells 

synapse primarily onto cell bodies of pyramidal cells at sites with densely accumulated α1-

GABA receptors (Nusser, 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 

network activity, and they display unique firing properties that allow for this. Their defining 
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marker, PV protein, rapidly sequesters calcium and attenuates post-spike hyperpolarization 

(Caillard et al., 2000). They also possess high levels of the voltage-dependent potassium 

channels KV3.1 and KV3.2 which facilitate narrow spiking patterns and sustained high-

frequency activity. Together, these unique properties enable them to maintain fast-spiking action 

potentials with limited fatigue. Several studies have demonstrated the impact that PNN 

degradation can have on these functional properties. In brevican-deficient mice, the clustering of 

KV3.1b channels and AMPA receptors are significantly reduced (Du et al., 1996; Goldberg et 

al., 2008). Brevican-deficit mice have also been shown to have PV interneurons that are 

hyperexcitable, with decreased firing thresholds and diminished firing frequencies (Favuzzi et 

al., 2017). PNN degradation studies have shown that ChABC treatment decreases the mean 

spiking activity of PV+ interneurons and increases their spiking variability (Christensen et al., 

2021; Lensjø et al., 2017). PV+ interneurons also display structural attributes which enable them 

to integrate information broadly within cortical circuits. They can receive input from numerous 

afferent pathways as they typically exhibit dendrites that cross multiple cortical layers (Gulyás et 

al., 1999; Kubota et al., 2016; Nörenberg et al., 2010; Tukker et al., 2013). They possess lengthy 

axons, which can have cumulative lengths of 30 to 50 mm and extensive arborization, enabling 

them to exert wide inhibitory influence (Karube et al., 2004; Nörenberg et al., 2010; Sik et al., 

1995). These unique properties enable PV+ cells to contribute more broadly to a variety of 

complex neural circuit functions. For example, PV+ interneurons are thought to contribute to 

blanket inhibition, which is a form of widespread, non-specific inhibition of cortical networks 

(Karnani et al., 2014). The excitatory post synaptic potentials (EPSPs) from a single action 

potential in a pyramidal cell is sufficient to reliably produce an action potential in a connected 

PV+ interneuron (Jouhanneau et al., 2018). Given the immense sphere of influence of PV+ cells, 



14 
 

 

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 context of PNN degradation, it follows that the impact of PNN loss could disrupt the 

contributions of PV+ interneurons to blanket inhibition. Support for this could be drawn from 

studies showing that PNN degradation alters the balance between excitation and inhibition by 

reducing inhibitory activity in local cortical circuits (Donato et al., 2013; Fawcett et al., 2019; 

Lensjø et al., 2017).   

While PV+ interneurons have been suggested to play roles in a variety of other inhibitory circuit 

functions including sparse encoding, modulation, and pattern separation, they have been most 

extensively studied for their contributions to the generation of high frequency activity (40-100 

Hz), called gamma oscillatory activity. Gamma activity is thought to be involved in sensory 

processes and integration, and coherence in gamma activity between regions is thought to 

facilitate complex cognition functions (Buzsáki & 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, which is coincident with 

the maturation of PV+ interneurons in this region (Bitzenhofer et al., 2020). PV+ interneuron 

activity shows a strong coupling with gamma oscillations and manipulations to reduce or 

stimulate PV activity can attenuate or generate gamma oscillatory activity, respectively (Buzsáki 

& Wang, 2012; Klausberger & Somogyi, 2008; Sohal et al., 2009; Tukker et al., 2013). Direct 

support of PV+ cell involvement in gamma activity can also be drawn from optogenetic studies 

showing increases in gamma oscillatory activity after PV+ stimulation (Cho et al., 2020; Kim et 

al., 2015; Liu et al., 2020; McNally et al., 2021). While the mechanism underlying gamma 
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oscillations is not fully understood, conventional models such as the pyramidal-interneuron 

network gamma (PING) model, suggest that PV+ interneurons play a regulatory role by 

synchronizing the activity of pyramidal cells through rhythmic inhibition (Gonzalez-Burgos & 

Lewis, 2012; Whittington et al., 2000). Consistent with this, disruption of glutamatergic 

signaling onto PV+ cells decreases excitation of PV+ cells and disrupts gamma activity (Fuchs et 

al., 2007). The close relationship of PV+ cells with PNNs and the impacts of PNN disruption are 

also readily shown in studies of evaluating gamma oscillatory activity, although these can vary 

by brain region. In the mouse visual cortex or anterior cingulate cortex, PNN degradation can 

result in increases in gamma power, but in the prefrontal cortex, it reduces it (Carceller et al., 

2020; Lensjø al., 2017; Steullet et al., 2014). While these findings differ, direct PV+ inhibition 

can lead to increases in spontaneous gamma power but reduced evoked gamma oscillatory, 

suggesting that these effects may be dependent on brain-state (Cho et al., 2015; Guyon et al., 

2021; Sohal et al., 2009). Together, these studies demonstrate an important role for PV+ cells 

and PNNs in the generation of gamma activity, which is thought to underlie complex cognitive 

functions such as attentional control, sensory integration, and working memory (Basar-Eroglu et 

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

1.6 PNNs in Cognition 

While the discovery of PNNs 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 beyond primary sensory development. In 

this case it is PNNs involvement in the maturation of fear extinction phenotypes. In adult animals 

conditioned fear memories are resilient to extinction following nonreinforced exposure to a 

condition fear stimulus, but in younger animals, extinction results in the erasure of these 
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memories. In the work of Gogolla et al. (2009) they firstly demonstrated that this developmental 

switch between the juvenile and mature fear extinction phenotype coincides with the maturation 

of PNNs in the amygdala. Secondly, when PNNs are degraded within amygdala of adult animals 

they revert to a more juvenile state of plasticity and their fear memories subject to erasure 

(Gogolla et al., 2009). Since this initial discovery additional studies have indicated a broader role 

for PNNs in fear memories. PNN depletion in the hippocampus, medial prefrontal cortex, and 

anterior cingulate cortex can all impair fear memory (Hylin et al., 2013; Shi et al., 2019). Other 

studies have demonstrated modality specific involvement, where PNN degradation within the 

auditory or visual cortex impairs auditory and visual fear conditioning, respectively (Banerjee et 

al., 2017; Thompson et al., 2018). While these studies suggest a significant role for PNNs in the 

formation of fear memories, others have demonstrated a much more general function in memory. 

A rapidly growing body of research suggests an involvement of PNNs in the acquisition and 

consolidation of drug-associated memories (Brown & Sorg, 2023; Lasek et al., 2018; Slaker et 

al., 2016). PNN disruption in the cerebellum disrupts motor-associative memories and in the 

medial entorhinal cortex, can impair the representations of new environments and render 

previously stable representations subject to interference (Carulli et al., 2020; Christensen et al., 

2021). Conversely, some studies have shown PNN 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 on the touchscreen trial 

unique, non-matching to location (TUNL) task (Anderson et al., 2020; Carulli et al., 2020; 

Donato et al., 2013; Romberg et al., 2013; Rowlands et al., 2018). In addition to their 

contributions to memory, PNNs have a demonstrated involvement in learning tasks. Within 

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 behaviours (Banerjee et al., 

2017). The degradation of PNNs in the auditory cortex enhances reversal learning and in the 

cerebellum expedites motor-associative learning (Carulli et al., 2020; Happel et al., 2014; Hirono 

et al., 2018). Similarly, aging-related declines in motor learning correlate with PNN levels in the 

striatum and PNN degradation restores this learning capacity  (Richard et al., 2018). Support for 

their role in learning can also be drawn from knockout studies showing that animals lacking 

tenascin-R have enhanced reversal learning in the Morris Water Maze (Morellini 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 PNNs in cognition, learning and memory. 

The question of how PNNs affect memory and learning is still not fully described, however. A 

recent model suggests that these effects are mediated through PV+ interneuron activity (Fawcett 

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+ cells (Caroni, 2015; 

Donato et al., 2013). Increased inhibition of PV+ cells decreases their activity, which is reflected 

in reductions in GAD67 and PV expression within PV cells (Donato et al., 2013, 2015). Reduced 

inhibitory output from PV+ cells in turn can increase excitability within cortical circuits to 

facilitate learning and memory. While intriguing, aspects 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 in otherwise healthy 

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

memory.  

1.7 PNNs in Schizophrenia 
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At the beginning of the century numerous studies identified that PNN loss is a feature of the 

post-mortem tissue of patients who suffered from SZ in their lifetime. This deficit was first 

demonstrated in the amygdala and entorhinal cortex where significantly reduced numbers of 

PNNs and massive increases in CSPG-positive glial cells were detected (Pantazopoulos, 2010). 

Notably, the PNN deficits observed clearly differentiated post-mortem tissue of people that 

suffered from SZ from those that suffered from bipolar disorder, which can share certain 

symptoms such as psychosis. Subsequent studies demonstrated similar PNN deficits in the 

prefrontal cortex, inferior colliculus, reticular thalamic nucleus, olfactory epithelium, and 

superior temporal cortex in 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 particularly notable as the trajectory of PNN 

development follows prolonged post-natal growth with the most significant increases in the peri-

pubertal period before stabilizing into adulthood. Coincidentally, this developmental period is 

also when the overt symptoms of SZ first begin to appear. The mPFC is also a region of 

significant interest in SZ pathophysiology given its contributions to dopaminergic signaling and 

its role in cognitive functions which are frequently impaired in the people suffering from this 

disease (Ellenbroek et al., 1996; Gariano & Groves, 1988; Sekiguchi et al., 2019; Sesack & Carr, 

2002).  Other regions with PNN deficits also bear significance within SZ symptomatology. For 

example, the superior temporal cortex plays a role in auditory processing and hallucinations in 

SZ are most frequently auditory in nature (Mueser et al., 1990). More recent reports have also 

described PNN deficits within the reticular thalamic nucleus and inferior colliculus. Deficits 

within these areas indicate that PNN deficits are not restricted to cortical areas and could impact 

primary sensory processing (Kilonzo et al., 2020; Steullet et al., 2018). While these descriptions 
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were informative, human post-mortem studies are limited in their ability to determine what 

contributions PNNs make to the progression of diseases such as SZ, if any. This issue is keenly 

suited to scientific discovery using animal models of disease, which offer significantly more 

investigative utility.  

While there is significant debate over the validity of animal models to capture aspects of 

a complex, poorly understood, and neurodevelopmental disease like SZ, animal models have 

nonetheless proven to be able to recapitulate some of the features of SZ. With regards to PNNs, 

the first of these was utilizing a maternal immune activation (MIA) model of SZ where during 

gestation the mother is treated with a controlled infection. In healthy animals, PNNs within the 

PFC follow as similar developmental trajectory throughout the postnatal lifespan as shown in 

people, where they increase until late adolescence and adulthood. However, in animals whose 

mothers had MIA, these offspring develop PNN deficits. The PNN development of MIA animals 

followed a similar trajectory to those of healthy animals until late adolescence and early 

adulthood, where a PNN deficit first emerges in the PFC. This developmental period is also 

when this rodent model first demonstrates behavioural symptoms consistent with a SZ-like 

phenotype (Vorhees et al., 2015; Wolff et al., 2011; Wolff & Bilkey, 2008; Zhang et al., 2012). 

A subsequent study demonstrated that PNN deficits (and PV impairment) in the mPFC are a 

common feature across 12 out of 14 of the models evaluated, which included both genetic and 

environmental models (Steullet et al., 2018). These findings suggest that animal models are 

effective in modeling PNN deficits and that among them, PNN deficits are a remarkably 

common feature. Another finding within these studies was that most models also exhibited 

significant impairments in PV+ interneurons and elevated oxidative stress. These 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 observed (Bitanihirwe et al., 2009; 

Bitanihirwe & Woo, 2011; Cuenod et al., 2022; Do et al., 2015; Hashimoto et al., 2003; Yao & 

Reddy, 2011). Given the high-frequency activity of PV+ interneurons they are particularly 

vulnerable to environmental stressors such as oxidative stress (Cabungcal et al., 2013; Ruden et 

al., 2021). Together, these studies demonstrate a potential mechanism that could underlie 

dysfunction within SZ and its models, whereby PNN loss renders PV+ interneurons susceptible 

to environmental stressors such as oxidative stress, which in turn drives their dysregulation 

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

Given the commonality of PNN deficits among both human post-mortem studies and a 

wide variety of animal models of the disease, interest has since shifted towards describing the 

mechanisms by which PNNs are lost and the implications that this has for the disease. Foremost 

among these is their relationship with PV+ interneurons which are also disturbed in SZ. 

Numerous studies have demonstrated reductions in PV+ messenger RNA (mRNA) and protein 

levels in SZ, although neuronal density is typically spared (Curley et al., 2011; Gonzalez-Burgos 

et al., 2010; Guidotti et al., 2000; Impagnatiello et al., 1998; Kilonzo et al., 2020; Thompson et 

al., 2009; Woo et al., 2004). The expression of GAD67 mRNA and protein is reduced in SZ and 

GAD67 mRNA are entirely absent in up to 50% of PV interneurons (Hashimoto et al., 2003). 

Given that GAD67 and PV expression are highly correlated, this loss suggests that PV+ 

interneurons are a possible focal point of dysfunction within SZ (Donato et al., 2013). Other 

features of the disease also implicate PV+ interneurons. Cortical hyperexcitability is a common 

feature of SZ, which is consistent with the decreases in inhibitory output seen from PV+ 

interneurons after PNN degradation (Daskalakis et al., 2007; Eichhammer et al., 2004; Hoffman 

& Cavus, 2002; Lakatos et al., 2013; Spencer et al., 2009). Abnormalities in gamma oscillations, 
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which are largely thought to be driven by PV+ interneuron activity, are common in recordings 

from people suffering from SZ. Given this it is unsurprising that numerous cognitive behaviours 

that have been shown to require gamma synchronization, such as working memory, attention, 

and sensorimotor gating, are impaired SZ (Dickerson et al., 2010; Forbes et al., 2009; Leung & 

Ma, 2018; Senkowski & Gallinat, 2015; Swerdlow et al., 2014). However, in many studies of 

gamma activity deficits are only observed during engagement with cognitive tasks and 

conversely, during periods of spontaneous activity, gamma activity is increased (Uhlhaas & 

Singer, 2015). These alterations in signal-to-noise ratio are very similar to what is observed in 

PV+ interneurons after PNN degradation, where broadband spontaneous activity of gamma is 

often increased but during narrow band evoked activity, gamma is impaired (Cho et al., 2015; 

Guyon et al., 2021; Sohal et al., 2009). These results provide strong 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 system in 

SZ, it becomes apparent that PNN and PV cells are part of a larger and perhaps significant locus 

of dysfunction within the disease.  

In addition to these converging lines of evidence, other aspects of SZ dysfunction offer 

further support PV+ interneurons having a central role in SZ pathophysiology. In the last several 

decades, the N-methyl-d-aspartate receptor (NMDAR) hypofunction hypothesis of SZ has gained 

significant interest to explain commonalities among the positive, negative, and cognitive 

symptoms of SZ. It is derived from observations that NMDAR antagonists such as ketamine and 

phencyclidine can induce symptoms reminiscent of each of these three domains. Interestingly, 

NMDAR hypofunction hypothesis can integrate well with numerous other observations about 

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

which in turn inhibited rhythmically via feedback inhibition from PV+ interneurons (called the 

PING model). Thus, glutamatergic input and glutamatergic receptors for AMPA and NMDA are 

essential to drive the rhythmic inhibition from PV+ interneurons and NMDAR hypofunction 

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

been shown to decrease GABAergic interneuron activity and subsequently disinhibit pyramidal 

cells, increasing their activity (Homayoun & Moghaddam, 2007). However, other studies have 

indicated that NMDAR contributions to glutamatergic transmission in PV cells are relatively 

small compared to AMPARs (Hull et al., 2009; NyÍri et al., 2003; Rotaru et al., 2011; Wang & 

Gao, 2009). Consistent with this, gamma oscillatory 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., 1996). Another angle 

by which NMDA hypofunction might impact PV+ cells is during development. The maturation 

of PV+ cells is an activity dependent process as demonstrated in critical periods of plasticity and 

NMDAR dysfunction may disturb this maturation process. In line with this, the inhibition of 

NMDARs during development can result in persistent impairments in PV+ cell density (Powell 

et al., 2012). Other studies have shown that the high-firing rates of PV+ interneurons are in part 

due to a developmental switch in NMDAR subunits (NR2B to NR2A) and disrupting this switch 

impairs synaptic plasticity and produces deficits in cognitive function (Matta et al., 2011; 

McGlothan et al., 2008; Nihei et al., 2000). NMDAR activation has also been shown to enhance 

antioxidant systems such as glutathione, thioredoxin, and peroxiredoxin (Baxter et al., 2015; 

Papadia et al., 2008). Given the susceptibility of PV+ interneurons to stressors 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 within these cells (Belforte et al., 2010; Jiang et 

al., 2013). Although not conclusive, these studies demonstrate evidence of a relationship between 

NMDAR function and PV+ interneurons, which links them with another major hypothesis within 

the SZ literature. Further studies are required to better describe the relationship between 

excitation and inhibition in the generation of gamma oscillations, and the role that PV+ 

interneurons and NMDARs may play. 

A final aspect of SZ pathology that might implicate PNN/PV abnormalities is deficits in 

myelination. Myelination abnormalities are observed extensively in SZ pathology, which has 

been demonstrated through human in vivo brain imaging studies, but also in post-mortem studies 

(Alvarado-Alanis et al., 2015; Aston et al., 2004; Cheung et al., 2008; Fitzsimmons et al., 2013; 

Harris et al., 2009; Lener et al., 2015; Pérez-Iglesias et al., 2010; White et al., 2011). Like PNN 

development, the time course of myelination within people shows significant overlap with the 

onset of SZ, typically in late adolescence and early adulthood (Do et al., 2015). While not readily 

recognized, PV+ interneurons are one of the most heavily myelinated types of interneurons in the 

CNS. Among all myelinated cortical neurons in humans, 25-50% are GABAergic, and among 

these, almost all express PV (Micheva et al., 2016). Similar findings have been demonstrated in 

the mouse visual cortex after myelination occurs throughout adolescence (McGee et al., 2005). 

Given the fast-spiking dynamics of PV+ interneurons their myelination is perhaps not surprising. 

PV+ interneurons axonal arborizations are significant in both complexity and length and their 

regulatory function within local cortical networks demands high precision in the firing of their 

action potentials (Fino et al., 2013; Packer & Yuste, 2011; Pajevic et al., 2014). Myelination 

would support these functions given that it can increase conduction velocities and enhance long-
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range coherence (Salami et al., 2003). Myelination could also support the immense physiological 

stress that PV+ interneurons experience during periods of high activity, such as gamma 

oscillations. It has been shown that during gamma oscillatory activity, mitochondrial oxidative 

capacity is pushed nearly to its limit and oxygen consumption rates are similar to that of seizure 

activity (Kann et al., 2014). Given this, myelination could contribute to managing these 

significant energy demands (Funfschilling et al., 2012; Lee et al., 2012). The 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 Ranvier (Bekku et al., 2009). Like PNNs, they are 

thought to act as a cation buffer against the exchange of ions at nodes of Ranvier. Given the 

shared structural composition of PNNs and perinodal matrices, disruption of PNNs in SZ is 

suggestive of shared impairment of perinodal matrices. In support of this, brevican deficient 

mice have disrupted perinodal matrices around their nodes of Ranvier and exhibit abnormal 

nerve conduction properties (Bekku et al., 2012). Interestingly, comparing this strain with wild-

type animals shows no difference in the clustering of their ion channels at nodes of Ranvier but 

does show differences in the extracellular diffusion of ions, which is indicative of their role in 

cation buffering. Together, 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 evidence implicating 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 as a core feature of the disease. PNN deficits could be an 

epiphenomenon of other pathophysiological disease processes or could even serve a 

compensatory mechanism to combat against pathological changes during the disease. Similarly, 
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while animal models can be informative 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 into 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.  

1.8 PNNs in Alzheimer’s Disease 

In addition to their involvement in SZ, PNNs have also been implicated in other CNS disease 

such as AD, autism, bipolar disorder, 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; Wen et al., 2018; Yutsudo & 

Kitagawa, 2015). Among these, the contributions of PNNs to memory and cognition are 

particularly relevant to the symptoms of AD. Post-mortem studies of AD have offered mix 

results with regards to PNN changes. PNN deficits have been observed in the cingulate, 

entorhinal, frontal and temporal cortices of patients that suffered from AD (Baig et al., 2005; 

Crapser et al., 2020; Kobayashi et al., 1989; Pantazopoulos & Berretta, 2016). In contrast, one 

study which broadly evaluated PNNs within the frontal and temporal cortices, striatum, and 

thalamus showed no alterations to PNNs in AD (Morawski et al., 2012). While this could be 

taken as mixed evidence, these differing results could be attributed to the inherent diversity 

present in human post-mortem samples and the detection methods used to label PNNs in these 

studies varied. Transgenic mouse models of AD have also offered utility in evaluating PNN 

alterations after genetic manipulation of familial-AD genes. In the 5xFAD model which 

overexpresses amyloid precursor protein (APP) and presenilin-1 (PS1) with 5 mutant genes, 
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PNNs are reduced in the subiculum and visual cortex of 4-month old animals and these deficits 

persist until 18-months (Crapser et al., 2020). Similar deficits are shown in the subiculum in the 

3xTG animal model, although the visual cortex is spared (Javonillo et al., 2022). In the Tg2576 

model, two studies have demonstrated reductions in neurons dual-labelled WFA+/PV+ neurons 

in the hippocampus, and another has described deficits in the CSPG core protein brevican (Ajmo 

et al., 2010; Cattaud et al., 2018; Rey et al., 2022). Recent investigations into the rTg4510 mice 

which feature tauopathy have also shown PNN deficits and PV+ interneuron dysfunction within 

the somatosensory cortex at 6-months of age (Kudo et al., 2023). Other studies in AD models 

including Tg2576, APPNL-F, and P301S animals have reported negative results of PNN deficits, 

although evaluations in these models focused only on the parietal cortex, hippocampus, and 

perirhinal cortex (Morawski et al., 2010; Sos et al., 2020; Yang et al., 2015). Together, the 

human and animal model studies demonstrate evidence 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 design is 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 mean. While PNNs have been 

implicated in cognitive impairment, memory function, and learning in other CNS diseases like 

SZ, their role in AD is not as well studied. Similarly, only a small number of studies have 

evaluated PNN deficits in animal models of AD. In the P301S model, which overexpresses a 

mutant form of tau, memory impairments are observable in object recognition tasks (Yang et al., 

2015). Interestingly however, object recognition performance is restored after injections of 

ChABC into the perirhinal cortex, an area critical for object recognition tasks. Subsequent 
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experiments demonstrated that administering antibodies against C4S, the more inhibitory form of 

CS, extended the retention of long-term object recognition in WT animals and rescued deficits in 

in the P301S model (Yang et al., 2017). These findings are particularly interesting 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 object recognition memory (Romberg et al., 2013; 

Rowlands et al., 2018). However, 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 this task (Banerjee et al., 

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 AD which features significant oxidative stress, the 

expression of factors involved in cell toxicity, and significant cell death (Christen, 2000; Fricker 

et al., 2018; Yang et al., 2003). One consistent observation across brain regions within post-

mortem AD tissue was that cells with PNNs rarely exhibited phosphorylated tau (Morawski et 

al., 2012). When looking more broadly at the cortical distribution of PNNs, it is also notable that 

areas relatively dense in PNNs are largely spared from AD pathology (Brückner et al., 1999). 

Together, these results might suggest that PNNs play a neuroprotective role against AD. Direct 

evidence of this was shown in cultured cortical neurons where the presence of PNNs was 

protective against Aβ toxicity and treatment with ChABC removed this protection (Miyata et al., 

2007). Similarly, PNN-associated neurons in slice cultures rarely observed to internalize tau 

protein and after ChABC treatment these neurons internalize it as similar rates as non-PNN 

bearing cells (Suttkus et al., 2016).  In addition to Aβ accumulation, AD also features significant 
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oxidative stress like as is seen in SZ, which can readily impact PV+ interneuron function if 

unmitigated (Cabungcal et al., 2013; Solodkin et al., 1996). The impacts of AD on PV+ 

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

impairment in PV+ interneurons and others show apparent preservation, although deficits are a 

feature in numerous animal models of the disease (Ali et al., 2019; Baig et al., 2005; Saiz-

Sanchez et al., 2013, 2015; Takahashi et al., 2010; Zallo et al., 2018). Despite these mixed 

observations, a recent study in the APP/PS1 model of AD showed that PV interneuron activity 

might have a more central role in AD pathogenesis (Hijazi et al., 2020). Within this model, 

hippocampal PV interneurons become hyperexcitable prior to any observed changes in excitatory 

pyramidal neurons. These alterations in PV+ hyperexcitability also coincide with the onset of 

impairments in spatial learning and memory. Inhibition of PV+ cells reduced this 

hyperexcitability to restore normal levels of PV+ cell activity and rescued memory impairments. 

Most notably, this dampening of PV+ interneuron hyperexcitability also reduced Aβ-plaque 

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 to Aβ-plaque deposition, which is considered a hallmark of AD pathology 

(Goedert et al., 1991; Hardy & Allsop, 1991). Linking this to PNNs, consistent observations that 

their degradation increases the excitability of PV+ interneurons could suggest that their loss in 

AD disrupts PV+ activity which in turn contributes to cognitive impairment and exacerbation of 

Aβ pathology (Dityatev et al., 2007).  

In summary, PNNs are implicated in human AD and as a feature of numerous animal 

models of the disease, although these deficits vary by region. These observations are particularly 

relevant given the prominent memory and cognition impairments seen in AD and the role that 
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PNNs can play in those functions. While PNNs may confer protective properties against the 

pathology of AD, that makes their disruption only more consequential in the context of a disease 

that features significant cellular toxicity and metabolic stress. Further study is required to provide 

more thorough characterizations of PNN deficits through 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 symptoms of AD.  

1.9 Thesis 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., 2010; 2013; Steullet et al., 2018). Previous work from our laboratory has 

shown that PNN deficits are also apparent in a prominent animal 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; Steullet et al., 2017). Studies into other CNS diseases such as autism 

multiple sclerosis, epilepsy, bipolar disorder, and fragile X syndrome have also indicated that 

PNN loss could be a consequence of their pathophysiology (Alcaide et al., 2019; Brandenburg & 

Blatt, 2022; Gray et al., 2008; Pantazopoulos et al., 2015; Pollock et al., 2014; Wen et al., 2018; 

Yutsudo & Kitagawa, 2015). However, the implications of their loss in these diseases are not 

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 loss. By identifying 

appropriate models to study this phenomenon, 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 alone can also be problematic however, as models typically feature complex 

pathophysiology of their own. Like CNS diseases, the observation of PNN loss in animal models 

of disease does not necessarily implicate them as a core feature of their pathology, as their 

degradation could be an epiphenomenon of other pathophysiological processes. Alternatively, 

their downregulation could be a compensatory mechanism. Thus, investigations into the impact 

of PNN loss on cognition outside of disease models are also valuable to better isolate out their 

unique contributions.  

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

In this chapter, I sought to utilize my 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 and post-mortem studies indicate a 

loss of PNNs in several regions of the brain in AD (Baig et al., 2005; Crapser et al., 2020; 

Kobayashi et al., 1989). However, other reports have demonstrated negative results of PNN loss 

in the disease (Morawski et al., 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. 

Given better descriptions of when and where PNN disruption occurs within AD and animal 

models of the disease, future investigations could better target the specific consequences of PNN 

disruption with these areas.   

Within this chapter, I utilized 5xFAD mouse model of AD which overexpresses amyloid-

precursor protein 695 (APP695) and presenilin-1 (PS1) with 5 mutant genes (APP: S-K670N, S-
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M671L, F-176V, L-V7171; PSEN1: M146L, L286V). This model features an aggressive AD-

like presentation with significant Aβ-plaque accumulation, neuroinflammation, synaptic 

disruption, and neuronal cell death, all of which are features of AD (Akhtar et al., 2022; Forner 

et al., 2021; Oakley et al., 2006). These animals also display deficits in spatial working memory, 

novel object recognition, fear conditioning, and social recognition with varying onsets (Griñán-

Ferré et al., 2016; Jawhar et al., 2012; Kimura & Ohno, 2009; Oakley et al., 2006). I evaluated 

PNN deficits in the immunohistochemical staining of the CNS of 5xFAD mice across 5 different 

brain areas: the mPFC, primary motor cortex, hippocampus, entorhinal cortex, and retrosplenial 

cortex (RSC). Additionally, I sought to evaluate the temporal progression of any deficits by 

evaluating both 7-month and 11-month-old animals. While these animals have shown to have 

cognitive impairments on some tasks by 7-months of age, these deficits are often observed to 

worsen with age, which correlates with the severity of their disease (Bouter 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 deficits, I evaluated several other markers of 

disease progression in AD. Firstly, I stained for Aβ-plaque deposition, which is a hallmark 

feature of AD pathology, to measure disease severity (LaFerla et al., 2007; Murphy & LeVine, 

2010; D.-S. Wang et al., 2006). I evaluated IBA1+ microglia as a marker to assess the degree of 

neuroinflammation within animals. Microglia have been shown to play a prominent role in both 

AD (and 5xFAD) pathology and help to 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, I evaluated the presence of PV+ interneurons, which are closely associated with 

PNNs, and fluorojade-C, a stain for identifying cell death within the mPFC and RSC. I also 

tested animals’ performance on two tests of memory, a spontaneous alternation task and novel 
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object recognition, as a measure of cognitive impairment. In this case, previous studies would 

predict that cognitive impairment in these tasks would already be present by 7-months of age, but 

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

Chapter 2 Hypothesis: 5xFAD animals will exhibit cognitive impairment in spatial memory and 

object recognition and will have corresponding reductions in PNNs in five regions of the brain: 

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

retrosplenial cortex.  PNN deficits will worsen with age and all these regions will demonstrate 

significant accumulation of Aβ deposition, microglial reactivity, and markers of cell death, 

which is characteristic of this animal model of AD.  

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

the mPFC of rats 

This experiment intended to build upon previous findings from our laboratory that demonstrated 

that in a MIA model of SZ in rats (polyI:C), PNN deficits emerge within the medial prefrontal 

cortex in late adolescence and early adulthood (Paylor et al., 2016). These results demonstrated 

that the polyI:C model was effective at recapitulating some of the PNN deficits observed in the 

post-mortem tissue from patients who suffered from schizophrenia. Notably, in animals from 

MIA mothers’ their PNN development followed a typical trajectory until late adolescence and 

early adulthood. The appearance of this deficit also coincided with the typical onset of cognitive 

impairment in this animal model, some of which are though to be dependent on the mPFC 

(Ballendine et al., 2015; Vorhees et al., 2015; Wolff et al., 2011; Wolff & Bilkey, 2008). While a 

characterization of the timeline of PNN loss and the presentation of symptoms within these 

animals is informative, linking PNN deficits to cognitive impairment is difficult. Like the 

limitations of human post-mortem studies, the observation of PNN loss and development of SZ 
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symptoms could be concurrent but unrelated phenomenon. Thus, in chapter 3 the experiment was 

designed to isolate the impact of PNN loss within the mPFC, the same region within which our 

lab had observed PNN deficits in the maternal immune activation model of SZ.  

To evaluate the impact of PNN loss, I treated 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 model. Using immunohistochemistry, I evaluated the efficacy 

of ChABC to degrade PNNs and look for potential changes within PV interneurons using three 

markers: PV fluorescence, GAD67 fluorescence, and Gephyrin+ puncta. Both PV+ and GAD67+ 

are commonly expressed markers 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 al., 2006; Zallo et al., 2018). The third stain, gephyrin, is 

a major scaffolding protein at inhibitory synapses. As such, I evaluated its density on mature 

neuronal cells within the mPFC to evaluate potential changes in inhibitory connectivity. I also 

assessed any potential neuroinflammation as a result of PNN degradation by labeling IBA1+ 

microglia and GFAP+ astrocytes. Two weeks after ChABC injections I evaluated animals across 

a battery of four tests of cognition including prepulse inhibition, operant set shifting, 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 common in schizophrenia 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 allowed comparisons against the 

broader impact of the MIA model of SZ on cognition against localized disruptions of PNNs.  
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Chapter 3 Hypothesis: Treatment with ChABC will degrade PNNs within the mPFC and 

diminish the expression of PV+ and GAD67+ fluorescence within PV+ interneurons but will not 

have significant impact on local inflammation. PNN degradation within the mPFC will impair 

cognitive performance, as measured on four unique cognitive tests: prepulse inhibition, operant 

set-shifting, oddity preference, and crossmodal object recognition.  

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

mPFC or RSC on cognition and memory in healthy mice 

In this chapter I planned to build upon the findings of chapter 3, which demonstrated the PNN 

degradation within the mPFC outside of the confounds of disease models, can result in cognitive 

impairment (Paylor et al., 2018). To advance upon my previous work, I first sought to evaluate 

whether these deficits in rats also translated into mice. While mice typically are considered less 

suited to 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 profile of mice and the impacts of PNN 

degradation. Rather than utilize ChABC, I utilized a dual viral vector that enables for localized 

expression of ChABC under the control of a dietary trigger (Burnside et al., 2018). This design 

enabled evaluation of animals’ cognitive performance at baseline, after 30 days of ChABC 

expression, and 30 days after the dietary trigger for ChABC expression had been withdrawn. 

Additionally, given emerging evidence and our observations of dense 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, and the default mode network (Buckner & DiNicola, 2019; Monko & 

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 in SZ (Bluhm et al., 2009; 

Liang et al., 2006; Whitfield-Gabrieli et al., 2009). 

First, I evaluated animals’ performance on four cognitive tests: open field behaviour, 

spontaneous alternation, the oddity preference task, and crossmodal object recognition. I utilized 

these tests to evaluate general motor activity, working memory, and multisensory integration. 

After baseline behavioural assessments, I followed these animals for 30 days of sustained 

ChABC progression, after which I against tested them on the same battery of cognitive 

assessments. The dietary trigger for ChABC was then withdrawn and animals were evaluated in 

a final behavioural session after an additional 30 days. At the end of the experiment animals 

were euthanized to confirm the efficacy of ChABC expression to degrade PNNs within the 

mPFC and RSC. I also evaluated the impact of PNN degradation on PV+ interneurons at both 

sites and assessed any inflammatory reactivity to the expression of ChABC within these animals. 

Lastly, I included an additional cohort of control and ChABC animals underwent wide field 

optical imaging to evaluate patterns of cortical activity (spontaneous and sensory evoked) after 

PNN degradation within the RSC.  

Chapter 4 Hypothesis: ChABC expression will result in PNN deficits in the mPFC or RSC but 

will not affect the integrity of PV+ interneurons at either location. PNN degradation within the 

mPFC will impact performance on oddity object preference and the crossmodal object 

recognition task, but not open field behaviours or spontaneous alternation. Animals with PNNs 

degraded in the RSC will have impaired spontaneous alternation, oddity object preference, and 

crossmodal object recognition, but not open field behaviours. PNN degradation within the RSC 

will impact activity patterns generated from the RSC and its interconnectivity with other cortical 

areas.  
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Chapter 2 – Perineuronal net loss, amyloid-β 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 CNS. These 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/inhibitory balance of 

the cortex, and can result in impairment in cognitive functions such as memory. Here, we 

investigate the integrity of PNNs in the 5xFAD model of Alzheimer’s disease, which reflects 

cognitive deficits and β-amyloid (Aβ)-containing neuropathology associated with the disease. 

We evaluated animals across five brain regions at time points representative of moderate (7-

months) and later stages of disease (11-months). Concurrently, we evaluated Aβ deposition, 

microglial activation, markers of cell death, and the presence of parvalbumin-positive inhibitory 

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 in 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 

5xFAD animals. PNN deficits were observed in the retrosplenial cortex, CA1 region of the 

dorsal hippocampus, and primary motor cortex – but not in the medial prefrontal cortex or 

entorhinal cortex. All brain regions investigated had significant Aβ deposition, elevated markets 

of neuroinflammation and cell death, but normal levels of parvalbumin positive inhibitory 

interneurons. This data suggests that the extracellular matrix and PNNs are significantly altered 

in 5xFAD animals as early as 7-months of age. The loss of PNNs in selected brain regions could 

contribute to cognitive impairment observed in 5xFAD animals and warrants further 

investigation in human AD brains. 
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Introduction 

Alzheimer’s Disease (AD) is the most common form of dementia. Its symptoms include 

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 cases each year. This 

number is expected to increase in coming years with an increase in the aging population in our 

society (Alzheimer’s Association, 2019). In Canada, where 600 thousand people suffer from AD, 

the estimated healthcare costs associated with the illness are $10.4 billion (Alzheimer’s Society 

of Canada, 2016; 2022). These 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, disability-adjusted life years (DALYs), years 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 immense societal burden of the disease, it is essential to 

better understand it’s etiology and pathophysiology. 

The primary neurological features of AD are intracellular neurofibrillary tangles (NFT) 

enriched with hyperphosphorylated tau protein and extracellular neuritic plaques containing 

amyloid-beta (Aβ) peptides. The early development of the disease is characterized by the 

extracellular deposition of Aβ in the entorhinal cortex (Braak & Braak, 1991; Lehéricy et al., 

1989; Nardone et al., 2008; Whitehouse et al., 1982). As the disease progresses, Aβ spreads 

throughout the neocortex and NFT through medial and inferior regions of the brain. In late-stage 

AD, both extracellular Aβ deposits and/or NFT can be found throughout the cortex and 

hippocampus as well as some subcortical nuclei of the brain. In addition to the development of 

Aβ-containing neuritic plaques and NFT, AD-affected brains typically exhibit decreased synaptic 
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density, neuronal loss, as well as increased gliosis and neuroinflammatory activity (Brun et al., 

1995; Bussière et al., 2003; Davies et al., 1987; Lorke et al., 2006; Masliah et al., 2001; 

Nordberg & Winblad, 1986). 

Etiologically, two forms of AD 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 forms of the disease are otherwise indistinguishable from 

each other. FAD cases are caused by mutations of three known genes i.e., amyloid precursor 

protein (APP) gene location on chromosome 21, presenilin-1 (PSEN) gene located on 

chromosome 14 and presenilin-2 gene located on chromosome 1. The PSEN1/2 genes are 

essential to the cleavage of APP and the subsequent generation of Aβ. The identification of gene 

mutations in APP and PSEN1/2 are the foundation of generating transgenic models of AD which 

are now being utilized to study its pathophysiology. One such model is the 5xFAD transgenic 

mouse model which co-express three APP (Swedish mutation: K670N, M671L, Florida 

mutation: I716V; London mutation: V717I) and two PS1 (M146L and L286V) Familial AD 

mutations resulting in the development of AD-related pathology. The gene mutations drive 

excessive accumulation of Aβ plaques in specific brain regions. Anatomical observations in 

5xFAD mice also have demonstrated the presence of significant neuroinflammatory activity, 

synaptic disruption, and neuronal cell death, all of which are characteristic 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 with AD (Griñán-Ferré et al., 2016; 

Oakley et al., 2006). Deficits in spatial working memory have been demonstrated in both Y-

maze and cross-maze designs in 5xFAD mice, beginning as early as 6 months of age (Jawhar et 
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al., 2012; Oakley et al., 2006). Importantly, while studies have shown that 5xFAD mice do 

develop motor impairments, in these tasks’ animals had similar motor behaviour to controls but 

impaired working memory performance, suggesting this deficit is not due to confounding motor 

impairment. Similarly, spatial working memory deficits have been demonstrated 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 animals (Bouter et al., 2014; Ohno et al., 2006; 

O’Leary & Brown, 2022; Schneider et al., 2014; Urano & Tohda, 2010). Across numerous 

behavioural testing paradigms, 5xFAD animals’ deficits have been shown to increase with age, 

which is thought to be reflective of the progressive neuropathological development of an AD-

like phenotype in 5xFAD animals. In addition to their spatial working memory deficits, 5xFAD 

mice also present with other cognitive impairments in fear conditioning, novel object 

recognition, and social recognition tasks (Griñán-Ferré 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 disease pathology and its symptoms, 

such as cognitive decline (Mercerón-Martínez et al., 2021; Mesulam, 2000; Spires-Jones & 

Knafo, 2011). Cognitive functions such as learning and memory are dependent on neuroplasticity 

and deficits in this capacity could underlie impairments observed in AD. Therapeutic 

interventions designed to enhance plasticity might also be able to counteract the progressive 

cognitive decline seen 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 entire 
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interstitial space between cells, the basal lamina, and perineuronal nets (PNNs), which are 

organized ECM composites that surround certain cell types (Kwok et al., 2011; Lau et al., 2013).  

PNNs play a critical role in regulating plasticity in the brain (Fawcett et al., 2019; Sorg et al., 

2016; Wang & Fawcett, 2012). The development of PNNs in primary sensory regions typically 

coincides with the closure of critical windows of plasticity (Pizzorusso et al., 2002). Within these 

windows, cortical tissue undergoes dramatic reorganization 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 can re-establish a period of 

elevated plasticity (Carulli et al., 2010; Lander et al., 1997; Pizzorusso et al., 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 occurs in parallel to a significant upregulation in PNN density 

within the amygdala (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 PNNs role in learning, memory, and cognitive 

impairment in the context of other CNS diseases (e.g. schizophrenia, addictions), there is less 

available data investigating their contributions in AD (Sorg 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 might be in the 

development of disease pathology. 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 restores object memory to normal levels 
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(S. Yang et al., 2015). Similarly, transgenic attenuation of PNNs delayed the onset of memory 

loss by several weeks in this model of tauopathy. Subsequent studies showed that administering 

antibodies specifically targeting chondroitin-4-sulfate (C4S), the more inhibitory form of CSPG 

present in PNNs, extended long-term object recognition in wild-type animals and reversed 

deficits when administered to animals with an AD-like phenotype (S. Yang et al., 2017). Taken 

together, these studies might suggest that PNN depletion could serve a beneficial role in 

alleviating cognitive impairments in AD.  

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 AD-related pathology. Firstly, cortical regions densely 

populated with PNNs appear to be relatively spared by AD pathology compared to other cortices 

(Brückner et al., 1999a). In cultured cortical neurons, the presence of PNNs is directly protective 

against Aβ toxicity and if pre-treated with ChABC to degrade PNNs, these neurons are no longer 

spared (Miyata 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 AD (Cabungcal et al., 2013; Solodkin et al., 1996). A loss of 

PV+ cells has been shown in numerous AD models but observations from human post-mortem 

tissue are less clear, with decreases in PV+ cells in the dentate gyrus but increases in piriform 

cortex (Ali et al., 2019; Baig et al., 2005; Saiz-Sanchez et al., 2013, 2015; Takahashi et al., 2010; 

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 to AD-pathology 
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(Hijazi et al., 2020; Verret et al., 2012). One 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 important regulators 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 memory (Elmore et al., 2018; Rice et al., 2015; Tremblay et al., 2011). 

In damaged or diseased states microglia can remodel the ECM including PNNs, via their 

activation and secretion of matrix metalloproteinases which degrade ECM components 

(Gottschall & Deb, 1996; Patel et al., 2013; Wen et al., 2018). A relationship between microglia 

and PNN integrity was recently demonstrated in the subiculum of 5xFAD animals, where 

chronic activation of microglia and PNN loss are both observed (Crapser et al., 2020). 

Pharmacologically depleting microglia prevented 5xFAD PNN loss in the subiculum, even 

though Aβ-plaques were 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 their capacity to digest PNN components. Similar results were found when PNNs 

were examined in human post-mortem tissue from the subiculum, which had significant PNN 

loss that correlated inversely with plaque burden (Crapser 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 5xFAD mice across five brain regions: the medial prefrontal 

cortex, primary motor cortex, dorsal hippocampus, entorhinal cortex, and retrosplenial cortex. 

Within these regions, we evaluated the brains of mice at 7 and 11-months of age to determine 

whether PNN changes might parallel or differ with age accompanying the progressive 
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development of Aβ-related pathology in 5xFAD animals. We 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 memory impairments seen in AD. The mPFC has been widely 

studied in AD and other disease contexts for its role in working memory and its contributions to 

integrating diverse sensory information (Gisquet-Verrier & Delatour, 2006; Granon et al., 1994; 

Jobson et al., 2021; Mu et al., 2022; Shin et al., 2020). Direct infusion of Aβ into the mPFC 

induces permanent deficits in working memory and reversal learning and impacts excitability 

and plasticity within the region (Bai et al., 2016; Torres-Flores & Peña-Ortega, 2022). Numerous 

other studies have linked mPFC related dysfunction in animal models of AD, including 5xFAD, 

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

Tian et al., 2018). Similar to the mPFC, healthy functioning of the RSC has been shown to be 

involved in spatial and working memory processes (Kim et al., 2020; Stacho & Manahan-

Vaughan, 2022; Trask & Fournier, 2022). Given the high density of PNNs in this region, we took 

interest to determine whether it would be particularly resilient to AD-related pathology 

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

We also evaluated a cohort of 5xFAD animals with at 7-months of age on two cognitive 

tasks, novel object recognition and spontaneous alternation, to determine whether PNN changes 

within these task-associated regions might show common impairment. Manipulations of the 

mPFC have previously been shown to impact performance on spontaneous alternation tasks, but 

the consequences for novel object recognition are less clear (Delatour & Gisquet-Verrier, 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 cross-modal object recognition can be impacted (Barker et al., 2007; Mitchell & 
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Laiacona, 1998; Paylor et al., 2018). In the case of the RSC, manipulations have previously 

shown to impact alternation behaviour and novel object recognition performance (de Landeta 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 that PNN deficits are region-specific. In the moderate 

(i.e., 7-month) and later stages of disease (i.e., 11-month), the primary motor cortex, CA1 of the 

dorsal hippocampus, and retrosplenial cortex, unlike the mPFC and entorhinal cortex, had 

significant loss of PNNs. In every region we observed significant Aβ-plaque 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 moderate pathology presented 

with significant impairments in both spontaneous alternation and novel object recognition 

memory when compared to WT controls.  

Methods 

Subjects. We utilized 5xFAD mice and age-matched WT mice (The Jackson Laboratory) on a 

C57BL/6xSJLbackground. The phenotype and 5xFAD presentation of these animals has been 

described previously (Oakley et al., 2006). After arrival, animals were housed in ventilated 

plastic cages with food and water at libitum, on a 12-hour light/dark cycle. All animal procedures 

were performed in accordance with the University of Alberta animal care committee's 

regulations. A total of n = 33 animals were utilized for these experiments. For the 

immunohistochemistry experiments, a total of n = 23 animals were utilized, n = 15 animals were 

euthanized at 7-months of age cohort and n = 8 were utilized for the 11-month cohort. Among 

those 23 animals, n = 12 animals were wild-type genotype (7-mo, n = 8; 11-mo, n = 4) and n = 
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11 were 5xFAD mutant genotype (7-mo, n = 7; 11-mo, n = 4). For the behavioural studies, a 

total of n = 10 animals were utilized. All animals in the behavioural cohort were euthanized at 7-

months of age (WT, n = 5; 5xFAD, n = 5)  

Novel Object Recognition Task. To investigate non-spatial cognitive memory, we performed the 

novel object recognition (NOR) memory test. This task was performed in a white acryl plastic 

chamber (40cm × 40 cm × 40 cm). In brief, a habituation trial was conducted one day prior to the 

training where all the mice were exposed to the open field arena in the plastic box without 

objects for 10mins for acclimatization. During the training session, mice were allowed to explore 

freely and get acquainted with two identical objects for 8min. After 24h post-familiarization, one 

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

these objects were recorded for 8mins. Only active exploration, defined as direct interaction with 

the nose or vibrissae towards the object but not circling around the object, was included in the 

analysis. The time spent exploring each object was recorded to evaluate the relative exploration 

of the novel vs familiar object and was calculated as the discrimination ratio: DR = (tnov-tfam/ ttot), 

wherein “tnov” represents time exploring the novel object, “tfam” the familiar object, and “ttot” 

represents total time spent exploring both objects. 

Spontaneous alternation. Spontaneous 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 spontaneous 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 number of triads “Tnot” 

containing entries into all three arms divided by the maximum number of possible alternations 

(total arm entries minus 2, Tna-2) i.e., percentage of spontaneous alternation= Tnot /(Tna-2).  

Tissue Collection. Following behavioral testing, mice were deeply 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°C. One-day later, 

brains were transferred to 30% sucrose for several days and then frozen in isopentane and 

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

Immunohistochemistry. Slides 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, Serum-Free (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% Triton X-100.  Primary antibodies were 

as follows: mouse anti-4G8 (1:500, Biolegend), rabbit anti-IBA1 (1:200; Dako), Wisteria 

floribunda agglutinin (WFA; 1:1000; Vector Labs), rabbit anti-parvalbumin (1:1000; Swant); 

mouse anti-NeuN (1:500, Millipore). 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 1h with 

secondary antibodies in antibody solution (as above). Secondary antibodies were as follows: 

streptavidin 647 (1:200; Invitrogen), donkey anti-mouse Alexa Fluor 488 (1:200; Invitrogen), 

donkey anti-rabbit Alexa Fluor 647 (1:200; Invitrogen), and donkey anti-mouse 647 (1:200; 

Invitrogen). After 1 hour incubation slides were washed again three times. For slides stained with 

Fluorojade-C (FJC), after secondary antibody incubation slides were transferred to a 1% NaOH 
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and 80% ethanol solution for 5 minutes. 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 was complete (for all slides including those subjected to FJC), slides were mounted with 

DAPI (4’,6-diamidino-2-phenylindole) in vectashield mounting medium (Vector Labs, 

Philadelphia, PA) and coverslipped. 

Microscopy. Images were acquired using a Leica DMI6000B Microscope with LAS AF 

computer software. Regions of interest were identified using Allen Mouse Brain Atlas (Allen 

Reference Atlas – Mouse Brain. Available from atlas.brain-map.org) and selected based on 

landmarks in the DAPI nuclear staining pattern. The coordinates for each region were as follows: 

Medial Prefrontal Cortex (+1.5 to +1.8 AP, 0.5 ML, 2.5 DV; with the imaging window aligned 

to the midline and extending laterally through all cortical layers); Primary Motor Cortex (+0.4 to 

+0.8 AP, 1.5 ML, 1.0 DV; with the imaging window aligned to the dorsal surface of the brain 

and extending down through all cortical layers); Dorsal Hippocampus (-1.6 to -1.9 AP, 1.5 DV; 

with the imaging window centered over the hippocampus); Entorhinal Cortex (-2.9 to -3.2 AP, 

3.5 ML, 4.5 DV; with the imaging window aligned to the lateral and ventral surfaces of the brain 

extending in towards the midline); Retrosplenial Cortex (-2.9 to -3.2 AP, 0.5 ML, 1.0 DV; with 

the imaging window aligned to the dorsal midline of the brain, extending laterally). All images 

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 

sections. A constant gain, exposure, and light intensity was used across all animals for each 

region and stain.  
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Image Analysis. Analysis 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 measurement area quantified for comparison. For all 

stains mean brightness within the measurement area was captured. Mean brightness values were 

normalized to the mean of each staining set to control for separate staining cohorts. Cell counts 

for DAPI+, FJC+ cells, and PV+ cells were performed using the Image-based Tool for Counting 

Nuclei (Centre for Bio-image Informatics, UC Santa Barbara, CA, USA) plugin for NIH ImageJ 

software. 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.  All data are presented as mean ± SEM. Statistical analyses were conducted 

in PRISM Software (Prism Software, Irvine, CA) and significance was set at p < 0.05. For all 

immunohistochemistry, 2-way ANOVAs were conducted on the dependent variables with animal 

age (7 month or 11 month) and strain (WT or 5FAD) as independent variables. Post-hoc analyses 

utilized Bonferroni corrected t-tests. For the behavioural tasks, unpaired t-tests 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 in five brain regions over two time-points, 7-months, and 11-months of age, which 

are representative of moderate and later stages of disease (Devi et al., 2015; Devi & Ohno, 

2016). Simultaneously, we assessed the degree of Aβ build-up to determine disease progression 

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

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

markers of cellular death and for the presence of PV+ inhibitory interneurons, which are closely 
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associated with PNNs. To determine whether PNN deficits within these regions was associated 

with cognitive performance, we assessed animals on two behavioural measures, spontaneous 

alternation and novel object recognition. 

Behavioural tasks. To test animals’ memory performance at 7-months 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 

which was unaffected by group (t(8)=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 

(t(8)=6.33, p < 0.01). For the spontaneous alternation task we evaluated total number of 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 animals (t(8)=1.73, p 

> 0.05) but 5xFAD animals did have a significant decrease in spontaneous alternation percentage 

(Figure 2, bottom right; t(8)=4.85, p < 0.01). This confirms that 7-month-old 5xFAD animals had 

significant impairments on both tests of working memory. 

Medial Prefrontal Cortex Immunostaining. Here we describe observations from our 

immunostaining within the mPFC (Figure 3A) which included 4G8 (green), IBA1 (red), WFA, 

and PNN counts (both purple).  

First, to evaluate the extent of amyloid plaque deposition we evaluated mean brightness of 4G8 

(Figure 3B). A 2-way ANOVA to analyze the effect of age and strain on 4G8-staining intensity 

showed a main effect of strain (F(1, 18) = 18.22, p < 0.001) but no main effect of age on 4G8 

staining intensity (F(1, 18) = 0.004 p = 0.94). There was no interaction between age and strain (F(1, 

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

intensity in 5xFAD animals compared to WT at 7-months of age (t(13) = 4.21, p < 0.01). While 
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5xFAD animals also showed an increase in 4G8 staining intensity at 11-months, this difference 

was not significant (t(7) = 2.17, p > 0.05). 

Next, we evaluated IBA1+ microglia within the mPFC (Figure 3C). A 2-way ANOVA of age 

and strain on IBA1 staining intensity showed a significant main effect of strain (F(1, 18) = 4.94, p 

= 0.04) but no main effect of age (F(1, 18) = 0.14, p = 0.71), and no interaction (F(1, 18) = 0.002, p = 

0.99). Post-hoc comparisons did not show any significant differences at either 7-months 

(t(13)=1.83, p = 0.16) or 11-months (t(7)=1.39, p = 0.36) of age. 

Lastly, to assess the integrity of the ECM, we evaluated WFA staining intensity and PNN counts 

in medial prefrontal cortex. A 2-way ANOVA of age and strain on WFA staining intensity 

(Figure 3D) showed a significant main effect of strain (F(1, 18) = 6.78, p = 0.02) but no main 

effect of age (F(1, 18) = 0.01, p = 0.93), and no interaction (F(1, 18) = 0.50, p = 0.49). Post-hoc 

comparisons showed a significant decrease in WFA-staining in 5xFAD animals at 7 months 

compared to WT (t(13) = 2.74, p = 0.02). While there was a decrease in WFA at 11-months of age 

in 5xFAD animals, this difference was not significant (t(7) = 1.19, p = 0.50). Next, we evaluated 

PNNs (Figure 3E) within the same region. A 2-way ANOVA of age and strain on PNN count 

showed no main effect of strain (F(1, 18) = 0.31, p = 0.58)  or age (F(1, 18) = 1.36, p = 0.26), and no 

interaction (F(1, 18) = 0.36, p = 0.55). 

Primary Motor Cortex Immunostaining. Here we describe our immunostaining within the 

primary motor cortex (Figure 4A), which included 4G8 (green), IBA1 (red), WFA, and PNN 

counts (both purple). 

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

A 2-way ANOVA of age and strain on 4G8-staining intensity (Figure 4) showed a significant 
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main effect of age (F(1, 18) = 5.92 , p = 0.03) and strain (F(1, 18) = 129.10 , p < 0.001) but no 

interaction (F(1, 18) = 3.28, p = 0.09). Post-hoc comparisons showed significant increases in 4G8 

staining intensity in 5xFAD animals at 7-months (t(13) = 7.920, p < 0.01) and 11-months of age 

(t(7)= 8.26, p < 0.01). There was also a significant increase in 4G8 staining intensity from 7 to 11-

months of age in 5xFAD animals (t(18) = 3.000, p = 0.046).  

Next, we evaluated mean brightness for IBA1+ microglia (Figure 4C). A 2-way ANOVA of age 

and strain on IBA1 staining intensity showed a significant main effect of strain (F(1, 18) = 22.00, p 

< 0.01) on IBA1 staining intensity but no main effect of age (F(1, 18) = 2.36 p = 0.14). There was 

no statistically significant interaction (F(1, 18) = 0.88, p = 0.39). Post-hoc comparisons showed 

significant increases in IBA1 staining intensity in 5xFAD animals at 7-months (t(13)= 3.11, p < 

0.05) and 11-months of age (t(7) = 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 strain on WFA staining intensity (Figure 4D) 

showed a significant main effect of strain (F(1, 18) = 28.27, p < 0.01) but no main effect of age 

(F(1, 18) = 0.01, p = 0.93) and no significant interaction (F(1, 18) = 0.68, p = 0.42). Post-hoc 

comparisons showed a significant decrease in WFA staining intensity in 5xFAD animals 

compared to WT at 7-months of age (t(13) = 3.73, p < 0.01) and 11-months of age (t(7) = 3.85, p < 

0.01). A 2-way ANOVA of age and strain on PNN count (Figure 4E) in the primary motor cortex 

showed a main effect of strain (F(1, 18) = 14.81, p < 0.01) but not age (F(1, 18) = 1.89, p = 0.18). 

There was no statistically significant interaction (F(1, 18) = 0.83, p = 0.37). Post-hoc comparisons 

showed a significant decrease in PNN number in 5xFAD animals compared to WT at 7-months 

of age (t(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 at 11-months of age, this difference was not 

significant (t(7) = 1.81, p > 0.05). 

CA1 of the Hippocampus Immunostaining. Here we describe immunostaining within the CA1 

region of the hippocampus (Figure 5A), which included 4G8 (green), IBA1 (red), WFA, and 

PNN counts (both purple). 

Firstly, we measured 4G8 mean brightness to evaluate amyloid plaque deposition (Figure 5B). A 

2-way ANOVA of age and strain on 4G8-staining intensity showed a significant main effect of 

strain (F(1, 18) = 41.66, p < 0.01) on 4G8 staining intensity but no main effect of age (F(1, 18) = 

2.99 p = 0.10) and no interaction (F(1, 18) = 0.58, p = 0.45). Post-hoc comparisons showed 

significant increases in 4G8 staining intensity in 5xFAD animals at 7-months (t(13) = 4.82, p < 

0.01) and 11-months of age (t(7) = 4.47, p < 0.01). 

Next, we evaluated the mean brightness of IBA1+ staining to assess neuroinflammation (Figure 

5C). A 2-way ANOVA to analyze the effect of age and strain on IBA1 staining intensity (Figure 

5) showed a significant main effect of strain (F(1, 18) = 51.41, p < 0.01) and age (F(1, 18) = 6.85, p = 

0.02) on IBA1 staining intensity but no interaction  (F(1, 18) = 3.65, p = 0.07). Post-hoc 

comparisons showed a significant increase in IBA1 staining intensity in 5xFAD animals 

compared to WT at 7-months of age (t(13) = 4.45, p < 0.01) and 11-months of age (t(7)=5.62, p < 

0.01). We also observed a significant increase in IBA1 staining intensity from 7-months to 11-

months of age in 5xFAD animals (t(19) = 3.16, p = 0.03).  

Lastly, we assessed ECM integrity by measuring WFA mean brightness and evaluated PNN 

counts within CA1 of the hippocampus. A 2-way ANOVA of age and strain on WFA staining 

intensity (Figure 5D) showed a significant main effect of strain (F(1, 18) = 19.50, p < 0.01) but no 
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main effect of age (F(1, 18) = 0.37, p = 0.55) and no interaction (F(1, 18) = 1.06, p = 0.32). Post-hoc 

comparisons showed a significant decrease in WFA staining intensity in 5xFAD animals 

compared to WT at 7-months of age (t(13) = 2.86, p = 0.02) and 11-months of age (t(7) = 3.38, p < 

0.01). A 2-way ANOVA of age and strain on PNN count (Figure 5E) in the CA1 region of the 

dorsal hippocampus showed a main effect of strain (F(1, 18) = 11.08, p < 0.01) but not age (F(1, 18) 

= 1.58, p = 0.22) on PNN count. There was no statistically significant interaction (F(1, 18) = 0.30, 

p = 0.59). Post-hoc comparisons showed a significant decrease in PNN number in 5xFAD 

animals compared to WT at 7-months of age (t(13) = 3.28, p < 0.01). While there was a decrease 

in the number of PNNs in the CA1 region of the dorsal hippocampus of 5xFAD animals 

compared to WT at 11-months of age, this difference was not significant (t(7) = 1.72, p = 0.20). 

Entorhinal Cortex Immunostaining. Here we describe measures from our immunostaining within 

the entorhinal cortex (Figure 6A), which included 4G8 (green), IBA1 (red), WFA, and PNN 

counts (both purple). 

First, we report measures from our 4G8 staining. A 2-way ANOVA of age and strain on 4G8-

staining intensity (Figure 6B) showed a significant main effect of strain (F(1, 18) = 38.49, p < 

0.01) but no main effect of age (F(1, 18) = 0.77, p = 0.39) and no interaction (F(1, 18) = 3.61, p = 

0.07). Post-hoc comparisons showed significant increases in 4G8 staining intensity in 5xFAD 

animals at 7-months (t(13) = 3.57, p < 0.01) and 11-months of age (t(7) = 5.08, p < 0.001). 

We next evaluated IBA1+ staining for mean brightness. A 2-way ANOVA to analyze the effect 

of age and strain on IBA1 staining intensity (Figure 6C) showed a significant main effect of 

strain (F(1, 18) = 15.09, p < 0.01) on IBA1 staining intensity but no main effect of age (F(1, 18) = 

1.36 p = 0.26) and no significant interaction (F(1, 18) = 1.37, p = 0.26). Post-hoc comparisons 

showed no statistically significant change in IBA1 staining intensity in 5xFAD animals 
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compared to WT at 7 months (t(13) = 2.25, p = 0.07), but a significant increase in 5xFAD animals 

at 11-month (t(7) = 3.17, p = 0.01) animals.  

Lastly, we evaluated WFA mean brightness and PNN counts (Figure 7D, E). In the entorhinal 

cortex, a 2-way ANOVA to analyze the effect of age and strain on WFA staining intensity 

(Figure 7D) showed a significant main effect of strain (F(1, 18) = 13.47, p < 0.01) on WFA 

staining intensity but no main effect of age (F(1, 18) = 0.01 p = 0.92) and no interaction (F(1, 18) = 

0.19, p = 0.67). Post-hoc comparisons showed a significant decrease in WFA staining intensity 

in 5xFAD animals compared to WT at 7-months of age (t(13)=2.68, p = 0.03) and 11-months of 

age (t(7) = 2.57, p = 0.03). A 2-way ANOVA of age and strain on PNN count (Figure 7E) in the 

entorhinal cortex showed no main effect of strain (F(1, 18) = 0.43, p = 0.52), age (F(1, 18) = 0.07, p 

= 0.78), and no interaction (F(1, 18) = 0.74, p = 0.40).  

Retrosplenial Cortex Immunostaining. Here we describe measures from our immunostaining 

within the retrosplenial cortex (Figure 7A) which included 4G8 (green), IBA1 (red), WFA, and 

PNN counts (both purple). 

Within the retrosplenial cortex, a 2-way ANOVA to analyze the effect of age and strain on 4G8-

staining intensity (Figure 7B) showed a significant main effect of strain (F(1, 18) = 68.35, p < 

0.01) on 4G8 staining intensity but no main effect of age (F(1, 18) = 2.87, p = 0.11). There was 

also a statistically significant interaction between strain and age (F(1, 18) = 5.92, p = 0.03). Post-

hoc comparisons showed a significant increase in 4G8 staining intensity in 5xFAD animals 

compared to WT at 7-months of age (t(13) = 4.94, p < 0.001) and 11-months of age (t(7) = 6.63, p 

< 0.0001). 
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For IBA1+, a 2-way ANOVA of age and strain on staining intensity (Figure 7C) showed a 

significant main effect of strain (F(1, 18) = 12.57, p < 0.01) but no main effect of age (F(1, 18) = 

0.41 p = 0.53) and no significant interaction (F(1, 18) = 0.97, p = 0.34). Post-hoc comparisons 

revealed no change in IBA1 staining intensity in 5xFAD animals compared to WT at 7 months 

(t(13) = 2.16, p = 0.08) of age, but a significant increase in 11-month (t(7) = 2.81, p = 0.02) 

animals. 

Within the retrosplenial cortex, a 2-way ANOVA of age and strain on WFA staining intensity 

(Figure 7D) showed was a significant main effect of strain (F(1, 18) = 42.87, p < 0.01) on WFA 

staining intensity but no main effect of age (F(1, 18) = 0.36, p = 0.56). There was no significant 

interaction (F(1, 18) = 1.22, p = 0.28). Post-hoc comparisons revealed significant decreases in 

WFA staining intensity in 5xFAD animals compared to WT at 7 months (t(13) = 4.61, p > 0.001) 

and 11-months of age (t(7) = 4.74, p < 0.001). A 2-way ANOVA of age and strain on PNN count 

(Figure 7E) in the RSC showed a main effect of strain (F(1, 18) = 10.13, p = 0.004) but no main 

effect of age (F(1, 18) = 0.81, p = 0.38) and no interaction (F(1, 18) = 0.06, p = 0.82). Post-hoc 

comparisons showed a significant decrease in PNN number in 5xFAD animals compared to WT 

at 7-months of age (t(13) = 2.56, p = 0.04). While there was a decrease in the number of PNNs in 

the retrosplenial cortex of 5xFAD animals compared to WT at 11-months of age, this difference 

was not significant (t(7) = 2.09, p = 0.09). 

Parvalbumin And Fluorojade-C Immunostaining (mPFC and RSC). To further probe two regions 

of interest, the mPFC and RSC, we stained for PV+ inhibitory interneurons which are closely 

associated with PNNs and fluorojade-C, a marker for cell death. 

Within the mPFC, a 2-way ANOVA of age and strain on PV cell count (Figure 8B) showed no 

significant main effect of strain (F(1, 14) = 0.53, p = 0.48) or age (F(1, 18) = 3.35 p = 0.09) and no 
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interaction (F(1, 14) = 0.05, p = 0.82) between strain and age on PV+ cell count. A 2-way ANOVA 

of age and strain on FJC+ cell count (Figure 8C) showed a main effect of strain (F(1, 18) = 6.89, p 

= 0.02) on FJC+ cell count but no main effect of age (F(1, 18) = 1.77, p = 0.20) and no significant 

interaction (F(1, 18) = 1.74, p = 0.21). Post-hoc comparisons showed no significant differences in 

FJC+ cell count in 5xFAD animals at 7-months (t(13) =1.07, p = 0.59) or 11-months of age (t(7) = 

2.49, p = 0.051) despite showing increases in counts at both time points. 

Within the retrosplenial cortex, a 2-way ANOVA of age and strain on PV+ cell count (Figure 

8E) showed no main effect of strain (F(1, 14) = 0.06, p = 0.81) or age (F(1, 18) = 0.21 p = 0.65) on 

PV+ cell count. There was also no interaction (F(1, 14) = 0.24, p = 0.63). A 2-way ANOVA of age 

and strain on FJC+ cell count (Figure 8F) showed a main effect of strain (F(1, 18) = 27.52, p < 

0.001) and a main effect of age (F(1, 18) = 15.12, p < 0.01) on FJC+ cell count. There was also a 

statistically significant interaction (F(1, 18) = 17.08, p < 0.001). Post-hoc comparisons showed a 

significant difference between WT and 5xFAD animals at 11-months of age (t(7) = 6.024, p < 

0.01). There was also a significant difference between 5xFAD animals at 7 months and 11 

months (t(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 that 4G8+ plaques also featured an FJC+ cell within their core 

(Figure 9A), suggesting amyloid accumulation and cell death are associated. This pattern was 

inversely related to the distribution of NeuN+ cells, which were absent from areas with plaque 

accumulation. We also evaluated the relationship between amyloid deposition and WFA+ PNNs 

(Figure 9B). PNNs rarely featured 4G8 accumulation within them, and inversely, patterns of 
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4G8+ accumulation within cells were rarely surrounded by a PNN. These observations are 

consistent with prior literature indicating that PNNs can be neuroprotective against Aβ 

accumulation (Miyata et al., 2007). 

Discussion 

In the present study we utilized the 5xFAD mouse model of AD to determine the integrity of 

PNNs in five regions of the brain at 7- and 11-months of age, which are representative of 

moderate and severe stages of disease in these animals (Devi et al., 2015; Devi & Ohno, 2016). 

In parallel, we evaluated markers of Aβ deposition, microglial inflammation, cell death, and 

parvalbumin interneurons. We also conducted two behavioural assays of memory in the 

moderate disease cohort. Our behavioural data suggests that by 7-months of age, 5xFAD animals 

present with significant impairment in novel object recognition and spontaneous alternation. 

Throughout the brains of 5xFAD animals, we identified PNN reductions animals that were 

apparent at 7-months of age in the primary motor cortex, CA1 region of the dorsal hippocampus, 

and retrosplenial cortex – but were unchanged in the medial prefrontal cortex or entorhinal 

cortex. We observed significant elevations of Aβ deposition and reductions in WFA labelling in 

all five regions. Significant microglial reactivity was also detected in the primary motor cortex, 

CA1 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 interneurons, which are closely associated with 

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

Behavioural Observations 
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Our behavioural assays show that at 7-months 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 recognition as early as 4-months of age in 

5xFAD animals (Frydman-Marom et al., 2011; Grayson et al., 2015; Kim et al., 2020; Kim et al., 

2019; Kubota et al., 2016; Son et al., 2018). Similarly, previous studies have shown deficits in 

the spontaneous alternation task with 5xFAD animals as early as 5 months old, which 

progressively worsen with age (de Pins et al., 2019; Devi et al., 2015; El Gaamouch et al., 2020; 

Jawhar et al., 2012; Oakley et al., 2006). These memory impairments are likely reflective of 

disrupted processing in task-associated regions of the brain. In the context of the 5xFAD model, 

it is difficult to directly tie PNN deficits 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 approaches to 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 tasks (Cohen et al., 2013; Cohen & Stackman Jr., 2015; de 

Lima et al., 2006; Haijima & Ichitani, 2012). Similarly, inactivation of the dorsal hippocampus, 

including focal inactivation of the CA1 region of the dorsal hippocampus, can impair object 

recognition memory at 24 hours (Cohen et al., 2013; Hammond et al., 2004). Interestingly, recent 
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work has demonstrated a role for PNNs along with PV+ interneurons in a newly identified 

critical period for episodic memory formation within CA1 of the hippocampus (Ramsaran et al., 

2023). In this context, the maturation 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 activity pattern and impaired memory precision in both fear conditioning and spatial 

foraging tasks. These results would suggest that the PNN deficits observed here within CA1 

could have a significant role in the cognitive deficits we observed. By contrast, the role of the 

RSC in object recognition tasks has mixed evidence. Lesions of the RSC have been shown to 

spare object recognition, whilst impairing object-in-place discrimination, which suggests it has 

more involvement in allocentric memory (Ennaceur et al., 1997; Vann & Aggleton, 2002). 

However, another study has shown that inactivation of the RSC can impair object recognition 

memory at 24 hours and that the RSC shows elevated levels of c-fos following the task (de 

Landeta et al., 2020). Evaluating 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 with improved task performance.  In a mouse model of 

AD with excessive tau phosphorylation and impaired object recognition, injection of ChABC 

into the perirhinal cortex to degrade PNNs improved object recognition (Yang et al., 2015).  

Similarly, in mice lacking Ctrl1, which is involved in PNN assembly, mature PNNs fail to 

develop and long-term object recognition memory is enhanced (Romberg et al., 2013). The same 

study showed similar effects after depleting PNNs in the perirhinal cortex with direct infusions 

of ChABC. Genetic ablation of the gene Acan, which encodes the CSPG aggrecan, also results in 
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depleted PNN levels brain-wide and enhanced object recognition memory (Rowlands et al., 

2018). Together, these studies indicate that decreased PNN levels could improve object 

recognition memory. In the context of 5xFAD, this might mean that PNN loss unrelated to 

memory dysfunction or even that PNN decreases are compensatory for diminished memory 

function.   

Studies investigating the relationship between PNN integrity and performance on 

spontaneous alternation 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 in performance 

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 brain (de Araújo Costa Folha et al., 2017; Tajerian et al., 

2018; Zhang et al., 2023). Other studies utilizing lesion or inactivation models have probed the 

neuroanatomical basis of spontaneous alternation and found it to require interaction across 

numerous brain areas (Lalonde, 2002; Nelson et al., 2015). With respect to the regions assessed 

here, lesion and inactivation studies have consistently shown that damage to the hippocampus 

results in impaired spontaneous alternation (Johnson et al., 1977; Kirkby et al., 1967; Means et 

al., 1971; Stevens & Cowey, 1973). Other studies have highlighted the contributions of the 

prefrontal, entorhinal, and retrosplenial cortices. In the mPFC, direct lesions to the cortical 

region impair spontaneous alternation (Delatour & Gisquet-Verrier, 1996; Divac et al., 1975). In 

the RSC, temporary inactivation with muscimol results in significant impairment of spontaneous 

alternation, but permanent lesions only result in mild impairment (Nelson 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 and adjacent perirhinal cortex (Aggleton et al., 1997; Ramirez & Stein, 

1984). These studies highlight 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 PNN deficit, or directly 

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 reports of impaired 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 disease (de Pins et al., 2019; El 

Gaamouch et al., 2020; Jawhar et al., 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 WFA-labelled ECM 

staining and in the primary motor cortex, CA1 of the dorsal hippocampus, and retrosplenial 

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 demonstrated decreased PNN levels in the 

cingulate, entorhinal, frontal and temporal cortices of human post-mortem tissue (Baig et al., 

2005; Crapser et al., 2020; Kobayashi et al., 1989; Pantazopoulos & Berretta, 2016). In contrast 

to those, other studies 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 

thalamus (Brückner et al., 1999; Morawski et al., 2010; Morawski et al., 2012). One possible 
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explanation for this inconsistency is the varied labelling methods for detecting PNNs used in 

these studies (e.g., Wisteria floribunda agglutinin, Vicia villosa lectin, CSPG-specific 

antibodies). Another factor could the inherent diversity present in human post-mortem samples. 

Interestingly, one consistent observation across human post-mortem studies was that 

phosphorylated tau+ neurons were rarely surrounded by a PNN (Morawski et al., 2012). While 

we did not evaluate tau+ as it is not a feature of the 5xFAD model, our qualitative observations 

were that PNNs rarely featured amyloid-deposition within them, which is consistent with prior 

studies showing neuroprotective properties of PNNs against Aβ. 

In animal models of AD, observations of PNNs have also been mixed. Studies have 

typically focused on the hippocampal formation and results 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 are reduced in the subiculum and visual cortex as early as 4-months of 

age, which persisted until 18-months of age (Crapser et al., 2020). In other models of AD, the 

impact on PNN integrity has been less clear. In the 3xTg-AD model, PNN deficits are observed 

in the subiculum of 18-month old mice, but there is no change in the visual cortex (Javonillo 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 CS-GAG chains present on brevican (Ajmo et al., 2010; Cattaud et 

al., 2018; Rey et al., 2022). However, a fourth study using Tg2576 mice showed no change in 

WFA-labelling found in the parietal cortex between 14-18 months of age (Morawski et al., 

2010). PNN loss has also been reported in the somatosensory cortex of rTg4510 mouse modal of 

tauopathy at 6-months of age, and this occurs in parallel to dysfunction within PV+ interneurons 
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and elevated expression of ECM-degrading enzymes expressed by microglia (Kudo et al., 2023). 

Negative results of PNN changes have been reported in the APPNL-F
 mouse model of AD, where 

PNNs in the hippocampus are unaffected at 21-months 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 at 3-months of age. These changes preceded any amyloid 

plaque formation and paralleled the presentation of memory deficits in the transgenic animals 

(Végh et al., 2014). Interestingly, 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 5xFAD model 

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 despite reductions in WFA-labelled ECM throughout 

all five regions examined they did not always exhibit parallel reductions in PNNs. This 

discrepancy could suggest that PNNs are in fact resilient to AD-related pathology and less 

affected than the broader WFA-labelled ECM. This suggestion would be supported within the 

literature by studies demonstrating protective effects of PNNs against AD-pathology (Crapser et 

al., 2020; Miyata et al., 2007). PNN-surrounded neurons rarely exhibit tau accumulation and 

areas dense in PNNs are have been shown to be less affected by AD (Brückner 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 PNNs, but this 

protective effect is removed by digestion of PNNs with ChABC (Suttkus et al., 2016). Similarly 

effects have been shown in cultured cortical neurons with Aβ toxicity (Miyata et al., 2007). An 

alternative explanation could be the temporal progression of 5xFAD animal’s neuropathology. 
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The progression of Aβ deposition in 5xFAD typically affects subcortical and hippocampal 

structures first, before spreading throughout interconnected networks as the disease progresses 

(Gail Canter et al., 2019; Oblak et al., 2021). As 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 WFA-labeling we observed might be a 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 resolution of the two time-points utilized here would be useful in 

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

PNNs are most frequently observed surrounding PV+ inhibitory interneurons. These 

neurons are a fast-spiking and metabolically demanding cell type that are thought to be critical in 

regulating local cortical circuits. Here, data from 7-month and 11-month-old animals indicate 

that PV+ interneuron densities were not affected by 5xFAD pathology, but there are numerous 

caveats to interpreting 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 expression. This discrepancy between activity and expression profiles is 

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 channel Kv3.1b (Kudo et al., 2023). 

Secondly, in other disease contexts it has been demonstrated that PNN degradation renders PV+ 

cells vulnerable to subsequent disruption, which is consistent with their protective role on host 

neurons (Cabungcal et al., 2013; Crapser et al., 2020; Hsieh et al., 2017; Miyata et al., 2007). In 

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 was at 18 months of age, suggesting the 

time points in our study may have preceded gross PV+ cell loss (Crapser et al., 2020). The 

reason for the delay between PNN and loss and PV+ cell loss is not yet clear, although prolonged 

periods without 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 temporal cortex, and visual 

cortex have reported no change in PV+ cell density in post-mortem tissue (Hof et al., 1991; 

Leuba et al., 1998). Others studies have reported decreases in PV+ cell densities in the dentate 

gyrus, CA1-CA2 of the hippocampus, as well as the frontal and temporal cortex (Arai et al., 

1987; Brady & Mufson, 1997) . 

In parallel to our assessments of the ECM we evaluated more typical markers of disease 

progression in 5xFAD animals, including Aβ deposition, IBA1+ microglia reactivity, and 

markers of cell death. In prior literature examining 5xFAD animals, Aβ-plaque 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 

neocortex (Forner et al., 2021; Gail Canter et al., 2019; Oakley et al., 2006; Oblak et al., 2021). 

As Aβ-plaques develop, there are proportional increases in microgliosis and astrogliosis and in 

later stages of disease significant neuronal cell loss occurs. Our data is largely consistent with 

these prior observations, with significant Aβ deposition, microglial reactivity, and cell death 

present at 7-months and worsening by 11-months of 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 and less-ramified 

processes. Reactive microglia can secrete a variety of pro-inflammatory factors, such as 
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interleukin-1β, interleukin-6, Tumor necrosis factor-α, and extracellular matrix degrading 

enzymes, such as matrix metalloproteinases (Leake et al., 2000; Lorenzl et al., 2003; Oblak et al., 

2021; Perry et al., 2010; Wang et al., 2015). A recent study showed that pharmacological 

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

Aβ deposition remained the same (Crapser et al., 2020). In animals where microglia were not 

manipulated, IBA1+ microglia had detectable levels of WFA-labelling for ECM markers inside 

their cell bodies, indicating that microglia had engulfed the cleaved components of PNNs after 

degradation. Together, 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 

excitability, and altered connectivity (Carceller et al., 2022; Dityatev et al., 2007; Favuzzi et al., 

2017; Frischknecht et al., 2009). PNNs also form an ionized buffer around neurons, which is 

thought to contribute to maintaining ion homeostasis around highly-active neurons like PV+ 

cells (Morawski et al., 2015). PNNs also confer neuroprotective properties onto host neurons. In 

neurons rich with CSPGs, Aβ has limited toxicity, but these protective properties are eliminated 

after treatment with ChABC (Miyata et 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 

animals with mature PNNs (Cabungcal et al., 2013). Given the high degree of oxidative stress 
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observed in AD this indicates that PNN-surrounded cells are more resilient to his pathology 

(Christen, 2000; Huang et al., 2016). These studies demonstrate the importance of PNNs in the 

limiting the effects 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 of AD-pathology. Studies in the 

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., 2023). These alterations in the hippocampus coincide with initial 

impairments in spatial learning and memory and chemogenic inhibition of PV+ cells to reduce 

excitability restores normal levels of PV+ cell activity and prevents memory impairment (Hijazi 

et al., 2020). Importantly, preventing PV+ cell hyperexcitability in these animals also reduced 

Aβ-plaque deposition. This latter finding is of significant interest given that PNN degradation 

can enhance the excitability of PV+ interneurons (Dityatev et al., 2007). These studies justify 

further investigation into how PNN disruption during AD might affect PV+ cell activity and the 

progression of the disease.   

Conclusion 

PNNs are important plasticity-regulating structures in the mature CNS with neuroprotective 

properties for the neurons they are hosted by. Their loss in the 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 of widespread ECM disruption, region-specific PNN disruption, and cognitive 

impairment in two memory-related 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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and the progression of an AD-like 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 the novel object recognition task. Animals were placed in an arena with two identical objects 

and allowed to freely explore for 8 minutes. After 24h post-familiarization, animals were re-

introduced into the arena but with one familiar object replaced with a novel one. In healthy 

animals, a preference to explore the novel object is typically demonstrated. (B) Graphical 

representation of behaviour for 7-month-old WT and 5xFAD animals. Total exploration time 

(shown top) did not significantly differ between WT and 5xFAD animals (C) 5xFAD animals 

had significantly lower discrimination ratios for the novel object after 24 hours (t(8) = 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 5xFAD animals. (A) Schematic 

representation of the spontaneous alternation task. (B) Graphical representation of animal’s total 

number of arm entries. While 5xFAD animals showed less arm entries overall, this difference 

was not significant. (C) 5xFAD animals did show significantly reduced spontaneous alternation 

behaviour within the Y-maze (t(8)=4.85, p < 0.01). This indicates that 5xFAD 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 main effect of strain (F(1, 18) = 

0.66, p < 0.05), but no main effect of age and no interaction. Post-hoc comparisons showed a 

significant increase in 4G8 deposition between WT and 5xFAD animals at 7-months of age (t(13) 

= 4.21, p < 0.01). (B) An ANOVA on IBA1 staining intensity show a main effect of strain (F(1, 

18) = 4.94, p < 0.05) but no main effect of age and no interaction. However, post-hoc 

comparisons did not show significant differences between groups at either time point. (D) An 

ANOVA on WFA staining intensity showed a main effect of strain (F(1, 18) = 6.78, p < 0.05) but 

no main effect of age and no interaction. Comparisons showed a significant decrease in 5xFAD 

animals at 7-months of age (t(13) = 2.74, p < 0.05). (E) Lastly, we assessed PNN counts which 

showed no main effect of strain or age, and no interaction. Data presentation as Mean ± SEM. 

Scale bar represents 250 µm (*, 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 strain (F(1, 18) = 129.10 , p < 0.001) and a main effect 

of age (F(1, 18) = 5.92 , p < 0.05) but no interaction. Post-hoc comparisons showed significant 

increases in 4G8 staining intensity in 5xFAD animals at 7-months (t(13) = 7.920, p < 0.01) and 

11-months of age (t(7)= 8.26, p < 0.01). There was also a significant increase in 4G8 staining 

intensity from 7 to 11-months of age in 5xFAD animals (t(18) = 3.000, p < 0.05). (C) An ANOVA 

on IBA1 staining intensity showed a main effect of strain (F(1, 18) = 22.00, p < 0.01) but no main 

effect of age and no interaction. Subsequent comparisons showed significant increases in IBA1 

staining intensity in 5xFAD animals at 7-months (t(13)= 3.11, p < 0.05) and 11-months of age (t(7) 

= 3.53, p < 0.01). (D) An ANOVA on WFA staining intensity showed a main effect of strain 

(F(1, 18) = 28.27, p < 0.01) but no main effect of age and no interaction. Post-hoc comparisons 

showed a significant decrease in WFA staining intensity in 5xFAD animals compared to WT at 

7-months of age (t(13) = 3.73, p < 0.01) and 11-months of age (t(7) = 3.85, p < 0.01). (E) Lastly, 

we compared PNNs between the groups which showed a main effect of strain (F(1, 18) = 14.81, p 

< 0.01) but no main effect of age and no interaction. Data presentation as Mean ± SEM. Scale 

bar represents 250 µm (*, p < 0.05, **, p < 0.01, ****, p < 0.0001). 

 

 

 



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 
 

 

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 strain (F(1, 18) = 41.66, p < 

0.01) but no main effect of age and no interaction. Post-hoc comparisons showed significant 

increases in 4G8 staining intensity in 5xFAD animals at 7-months (t(13) = 4.82, p < 0.001) and 

11-months of age (t(7) = 4.47, p < 0.001). (C) Analysis of IBA1 staining showed a main effect of 

strain (F(1, 18) = 51.41, p < 0.01) and age (F(1, 18) = 6.85, p < 0.05), but no statistically significant 

interaction. Post-hoc comparisons showed a significant increase in IBA1 staining intensity in 

5xFAD animals compared to WT at 7-months of age (t(13) = 4.45, p < 0.001) and 11-months of 

age (t(7)=5.62, p < 0.0001). We also observed a significant increase in IBA1 staining intensity 

from 7-months to 11-months of age in 5xFAD animals (t(19) = 3.16, p < 0.05). (D) A comparison 

of WFA labelling showed a main effect of strain (F(1, 18) = 19.50, p < 0.01) but no main effect of 

age and no interaction. Post-hoc comparisons showed a significant decrease in WFA staining 

intensity in 5xFAD animals compared to WT at 7-months of age (t(13) = 2.86, p < 0.05) and 11-

months of age (t(7) = 3.38, p < 0.01). (E) Lastly, we assessed PNNs where an ANOVA showed a 

main effect of strain (F(1, 18) = 11.08, p < 0.01) but no main effect of age and no interaction. Post-

hoc comparisons showed a significant decrease in PNN number in 5xFAD animals compared to 

WT at 7-months of age (t(13) = 3.28, p < 0.01). Data presentation as Mean ± SEM. Scale bar 

represents 250 µm (*, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001). 
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Figure 2.6. The entorhinal cortex of 5xFAD 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 strain (F(1, 18) = 38.49, p < 0.01) but no main effect of age and no interaction. Post-hoc 

comparisons showed significant increases in 4G8 staining intensity in 5xFAD animals at 7-

months (t(13) = 3.57, p < 0.01) and 11-months of age (t(7) = 5.08, p < 0.01). (C) An ANOVA on 

IBA1 staining intensity showed a main effect of strain (F(1, 18) = 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 strain (F(1, 18) = 13.47, p < 0.01) but no main effect of age and no interaction. Post-hoc 

comparisons showed a significant decrease in WFA staining intensity in 5xFAD animals 

compared to WT at 7-months of age (t(13)=2.68, p < 0.05) and 11-months of age (t(7) = 2.57, p < 

0.05). (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 represents 250 µm (*, p < 0.05, 

**, p < 0.01). 
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Figure 2.7. The RSC of 5xFAD animals display elevated amyloid deposition and reactive 

microglia and decreased WFA labeling and PNNs. (A) Representative images of 

immunostaining for 4G8 (green), IBA1 (red), and WFA (purple) within the entorhinal cortex. (B) 

An ANOVA on 4G8 staining intensity within the RSC showed a main effect of strain (F(1, 18) = 

68.35, p < 0.01), but no main effect of age and no interaction. Post-hoc comparisons showed a 

significant increase in 4G8 staining intensity in 5xFAD animals compared to WT at 7-months of 

age (t(13) = 4.94, p < 0.001) and 11-months of age (t(7) = 6.63, p < 0.0001). (C) Next we compared 

IBA1 staining with an ANOVA which showed a main effect of strain (F(1, 18) = 12.57, p < 0.01) 

but no main effect of age and no interaction. Post-hoc comparisons revealed no change in IBA1 

staining intensity in 5xFAD animals compared to WT at 7 months (t(13) = 2.16, p > 0.05) of age. 

(D) An ANOVA on WFA staining showed main effect of strain (F(1, 18) = 42.87, p < 0.01) but no 

main effect of age and no interaction. Post-hoc comparisons revealed significant decreases in 

WFA staining intensity in 5xFAD animals compared to WT at 7 months (t(13) = 4.61, p > 0.001) 

and 11-months of age (t(7) = 4.74, p < 0.0001). (E) Lastly, we assessed PNNs where an ANOVA 

showed a main effect of strain (F(1, 18) = 10.13, p < 0.01) but no main effect of age and no 

interaction. Post-hoc comparisons showed a significant decrease in PNN number in 5xFAD 

animals compared to WT at 7-months of age (t(13) = 2.56, p < 0.05). Data presentation as Mean ± 

SEM. Scale bar represents 250 µm (*, 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 mPFC and RSC. (A) 

Representative immunostaining of FJC (top) and PV+ (bottom) in the mPFC. (B) An ANOVA 

on FJC+ cells identified with the mPFC showed a significant main effect of strain (F(1, 18) = 6.89, 

p = 0.02) but no main effect of age and no interaction. Despite a noticeable increase in FJC+ 

cells in 11-month-old 5xFAD animals, this difference was not significant. (C) An ANOVA on 

PV+ interneurons showed no main effect of strain or age, and no interaction, although PV+ 

interneurons did appear to decrease with age in both groups. Data presentation as Mean ± SEM. 

Scale bar represents 100 µm. (D) Representative immunostaining of FJC (top) and PV+ (bottom) 

in the RSC. (F) Within the RSC, an ANOVA showed significant main effect of strain (F(1, 18) = 

27.52, p < 0.01)  and age (F(1, 18) = 15.12, p < 0.01), and a significant interaction (F(1, 18) = 17.08, 

p < 0.01). Post-hoc comparisons showed a significant difference between WT and 5xFAD 

animals at 11-months of age (t(7) = 6.024, p < 0.01). There was also a significant difference 

between 5xFAD animals at 7 months and 11 months (t(13) = 5.95, p < 0.01). (F) Across all groups 

animals appeared to show similar amounts of PV+ interneuron labeling. An ANOVA on PV+ 

cell counts showed no main effect of age, strain, and no interaction. Data presentation as Mean ± 

SEM. Scale bar represents 100 µm (****, p < 0.0001). 
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Figure 2.9. Qualitative evaluation of immunostaining. (A) Representative immunostaining of 

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

deposition. Qualitative observations showed that dying cells were frequently identifiable in the 

central mass of amyloid plaques. Amyloid plaques also appeared to carve out spaces devoid of 

NeuN+ staining (yellow bars indicate the positions of FJC+ cells). (B) Representative 

immunostaining for DAPI cell nuclei (blue), IBA1+ microglia (red), amyloid-deposits (green) 

and WFA (purple). PNNs rarely featured amyloid-β accumulation within them. Conversely, 

4G8+ cells were rarely observed to be surrounded by a PNN. Plaques did often exhibit proximity 

to IBA1+ microglia, however.  
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Chapter 3 – Impaired cognitive function after perineuronal net degradation in the medial 

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 neurodevelopment. 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 such as schizophrenia. However, the direct consequences of 

PNN loss in medial prefrontal cortex (mPFC) on cognition has not been demonstrated. Here, we 

examined behavior after disruption of PNNs in mPFC of Long-Evans rats following injection of 

the enzyme Chondroitinase ABC (ChABC). Our data show that ChABC-treated animals were 

impaired on tests of object oddity perception. Performance in the cross-modal object recognition 

task was not significantly different for ChABC-treated rats, although ChABC-treated rats were 

not able to perform above chance levels whereas control rats were. ChABC treated animals were 

not significantly different from controls on tests of prepulse inhibition, set-shifting, reversal 

learning, or tactile and visual object recognition memory. Posthumous 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 findings suggest 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) neurons (Hockfield & McKay, 1983; Wang & Fawcett, 2012). These structures 

play a critical role in the regulation of neuronal plasticity in the CNS (Pizzorusso et al., 2002; 

Sorg et al., 2016). PNNs act as a physical barrier to structural changes in the neurons and also 

stabilize 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 plasticity (Mauney et al., 2013; Pizzorusso et 

al., 2002). Within these periods, cortical tissue undergoes dramatic structural reorganization of 

neural connectivity in response to the appropriate stimulus (Hensch, 2005). These changes are 

followed by a period of synaptic pruning, and then stabilization of the network long-term. In line 

with a role in regulating plasticity, PNN expression increases at the closure of these critical 

periods and degradation of PNNs can re-open these windows of heightened plasticity in 

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

 Several recent studies suggest that PNNs are reduced in the post-mortem tissue of 

patients suffering from CNS disorders such as schizophrenia, epilepsy, and Alzheimer’s disease 

(Baig et al., 2005; Berretta et al., 2015; Bitanihirwe & Woo, 2014; McRae & Porter, 2012; 

Okamoto et al., 1994; Pollock et al., 2014). In schizophrenia, post-mortem analyses of the 

prefrontal cortex, amygdala, and superior temporal cortex suggest reduced PNN density 

(Enwright et al., 2016; Mauney et al., 2013; Pantazopoulos et al., 2010). This finding has been 

replicated in animal models of the disease and coincides with the development of cognitive 

impairment (Paylor et al., 2016; Steullet et al., 2017). Post-mortem analysis of Alzheimer’s 
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patients has also revealed deficits in PNNs in the frontal lobe (Baig et al., 2005; Brückner et al., 

1999; Morawski et al., 2010). Moreover, PNNs protect against Alzheimer’s pathology and their 

loss may render neurons particularly vulnerable to the disease pathology (Okamoto, Mori, & 

Endo, 1994). PNN loss and the degradation of extracellular matrix components have also been 

implicated in epileptogenesis and the maintenance of seizures in epilepsy (McRae & Porter, 

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

PNNs are involved in CNS disorders, our current understanding 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 previously observed a reduction of PNNs in medial prefrontal cortex (mPFC) of 

the offspring of rats exposed to polyI:C during pregnancy (Paylor et al., 2016). As an extension 

of these findings, the present study examined cognitive function after targeted reduction of PNNs 

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 PNNs (Brückner et al., 1998; Crespo et al., 2007). This treatment has been 

used extensively to degrade CSPGs in PNNs and the surrounding interstitial matrix (Fawcett, 

2015). After injection, we assessed cognitive function using tasks where performance is impaired 

in the offspring of rats subjected to polyI:C during pregnancy, including altered object oddity 

preference, recognition memory, sensorimotor gating, and cognitive flexibility (set-shifting and 

reversal learning; Ballendine et al., 2015; Bissonette et al., 2013; Kamiński et al., 2017; Latif-

Hernandez et al., 2016; Lins et al., 2018; Yang et al., 2014). We 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 measuring cross-modal object 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, 

set-shifting, reversal learning, or tactile and visual object recognition memory. Thus, our findings 

support a nuanced effect of degrading mPFC PNNs on cognitive functions related to 

schizophrenia.  

Methods 

Subjects. Adult male Long Evans rats (n = 80; 300-350 g; Charles River Laboratories, Kingston, 

NY, USA) were used for all experiments. After their arrival, animals were pair-housed in 

ventilated plastic cages and left undisturbed for 1 week with food and water ad libitum (Purina 

Rat Chow). A 12:12-h lighting cycle was used with lights on at 7:00am. Animals were 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 ensure the appropriate amount of food was 

consumed by each rat in the home cage after behavioral testing. All animal procedures were 

performed in accordance with the University of Saskatchewan animal care committee's 

regulations. 

Behavioral Measures. 

All rats were handled 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 ChABC or PEN infused into 

mPFC prior to testing two weeks later on prepulse inhibition (PPI), the cross-modal 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 conditioning chambers. After passing set-shifting (SS) 

Train (see below), ChABC or PEN was infused into mPFC. Two weeks later, the rats were 

retrained on the SS Train (3-4 days) and then tested on visual cue discrimination, set-shifting, 

and reversal learning. 

Prepulse Inhibition (PPI): PPI measures the percent attenuation of motor response to a startling 

tone when that tone is preceded by a brief prepulse. Two SR-LAB startle boxes (San Diego 

Instruments, San Diego, CA, USA) were used. Each session had a constant background noise (70 

dB) and began with 5 min of acclimatization, followed by 6 pulse-alone trials (120 dB, 40 ms). 

Pulse-alone (6 trials), prepulse alone (18), prepulse + pulse (72), and no stimulus (6) trials were 

then presented in a pseudorandom order, followed by 6 additional pulse-alone 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 inter-trial interval varied randomly from 3 to 14 s (Howland et 

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

Cross-Modal Object Recognition (CMOR) Battery: This task uses spontaneous exploratory 

behavior to assess visual memory, tactile memory, and visual-tactile sensory integration 

(Ballendine et al., 2015; Winters & Reid, 2010). The testing apparatus was a Y-shaped maze 

with 1 start arm and 2 object arms (10 × 27 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 phases) and 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 3 min sample 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 cross-modal memory (day 3). Red light illuminated the tactile phases allowing the rats’ 

behavior to be recorded while preventing the rats’ visual assessment of the objects and the 

removal of the clear barriers allowed for tactile exploration. White light was used during visual 

phases, but clear Plexiglas barriers in front 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 than 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 object – time 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 distinct or ‘odd’ object (Bartko et al., 2007). 

The testing apparatus was 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 one different or 
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‘odd’ object made of glazed ceramic (a round ‘owl’ statue, 9.5 cm in diameter x 8 cm tall) or 

plastic (a square Lego statue, 5.5 cm (w) x 7 cm (h)) were fixed to the Velcro and the rats’ 

activity were recorded for 5 min using a video camera mounted to the 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 

examination was counted when a rat’s face was oriented toward the object at a maximum 

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 Set-Shifting Task (OSST): Eight operant conditioning chambers (MedAssociates 

Systems, St. Albans, VT, USA) in sound-attenuating cubicles were used. The chambers 

contained two retractable levers and two stimulus lights positioned on either side of a food port 

used to deliver 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 (inter-trial state), with the exception of lever training days 

in which the trial began with levers exposed to allow for baiting with ground reward pellets. Rats 

were tested once each day. Lever training. Rats were trained to press the levers as described 

previously and immediately after reaching criterion, side preference was determined (Floresco et 

al., 2008; Thai et al., 2013; Y. Zhang et al., 2012). Visual-cue discrimination. Rats 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 the illuminated 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 the inter-trial state. An incorrect 
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press returned the chamber to the inter-trial 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 inter-trial state. Strategy set-shift (shift to response discrimination). The 

visual-cue 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 spatial cue (the lever opposite to their side 

preference, regardless of whether the stimulus light was illuminated) to receive a reward pellet. 

Reversal learning. Rats were required to press the lever opposite to the one rewarded during set-

shifting. Criterion was 10 consecutive correct responses for each testing day and errors for each 

testing day were coded as described previously (Floresco et al., 2008; Thai et al., 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 days for a given discrimination. 

mPFC Infusions of ChABC or Penicillinase (PEN). Prior to and during the procedure, rats were 

anesthetized with the inhalant anesthetic isoflurane (Janssen, Toronto, ON). Pre-operatively, all 

rats were administered a 0.5 mg/kg subcutaneous 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 (WPI, Sarasota, FL) glued to PE-50 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 infused (0.1 ul/min) 

for 2 min at DV coordinates -4.4 mm, -4.2 mm, and -3.9 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 slowly removed, the holes filled with bone wax, 

and wound was closed with stitches. 

Tissue Collection. Following behavioral testing, rats were deeply 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°C. One-day later, 

brains were transferred to 30% sucrose for several days and then frozen in isopentane and 

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

cFos staining, animals (PEN = 8, ChABC = 8) were time-perfused 100 minutes after assessment 

on the oddity object task. 

Immunohistochemistry. Slides 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, Serum-Free (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% Triton X-100.  Primary antibodies were 

as follows: Mouse anti-Chondroitin-4-Sulfate (C4S; 1:400; Millipore, Etobicoke, ON), Wisteria 

Floribunda Agglutinin (WFA; 1:1000; Vector Labs, Philadelphia, PA), mouse anti-Parvalbumin 

(1:1000; Swant, Switzerland), rabbit anti-Parvalbumin (1:1000; Swant, Switzerland); rabbit anti-

IBA1 (1:200; Dako, Mississauga, ON); mouse anti-GFAP (1:200; Sigma-Aldrich, Oakville, 

ON); c-Fos (1:400; Cell Signaling, Whitby, ON); mouse anti-GAD67 (1:400; Millipore, 

Etobicoke, ON); anti-Gephryin (1:500; ThermoFisher; Rockford, IL). 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 1h with secondary antibodies in antibody solution (as 

above). Secondary antibodies were as follows: Streptavidin 647 (1:200; Invitrogen, Burling, 
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ON), Donkey anti-Mouse Alexa Fluor 488 (1:200; Molecular Probes, Eugene, OR), Donkey anti-

Rabbit Alexa Fluor 647 (1:200; Molecular Probes, Eugene, OR), and Donkey anti-Mouse 647 

(1:200, Molecular Probes, Eugene, OR). After 1 hour incubation slides were washed again three 

times and mounted with DAPI (4’,6-diamidino-2-phenylindole) in vectashield mounting 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 staining pattern (Paxinos & Watson, 2007). 

The mPFC was identified between +2.76mm and +3.24mm anterior to Bregma with the imaging 

window aligned to the midline and extending through cortical layers 1-6. All imaging was 

captured at 10X magnification with a total of 6 images taken bilaterally in adjacent sections 

(~250µm apart). Images from the primary somatosensory jaw (S1J) area were also taken from 

within the same slices (directly 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 on a LEICA 

SP5 Confocal microscope. For each animal, four 2x2 tile scans were conducted at 25X 

magnification over the mPFC. 

Image analysis. Analysis was completed on unmodified images by an observer blind to the 

experimental condition of the tissue analyzed. Cell counts for DAPI+, IBA+, PV+, c-Fos+ cells 

and Gephyrin+ puncta were performed using the Image-based Tool for Counting Nuclei (Centre 

for Bio-image Informatics, UC Santa Barbara, CA, USA) plugin for NIH ImageJ software. PNNs 

were counted manually using ImageJ Cell 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+ cells were 

generated using the ImageJ Analyze Particles function and mean brightness values taken from 

both PV+ and GAD67+ channels within cell marked areas. A second analysis for PV+ and c-

Fos+ cell density and colocalization was conducted using a custom automated detection script in 

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 layers 1-6, within which cells were identified 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 (10000µm2). 

Statistical Analyses. All data are presented as mean ± SEM. Statistical analyses were conducted 

in PRISM Software (Prism Software, Irvine, CA) and significance was set at p < 0.05. For 

experiments in Figure 1-3 and 6-7, unpaired students t-tests were used to compare PEN to 

ChABC. Simple linear regressions were used to examine the predictive value of behavioural 

performance on PNN densities. For Figure 4, a two-way ANOVA of Treatment Group and 

Prepulse Intensity was conducted to probe deficits in prepulse inhibition. In Figure 5, in addition 

to unpaired students t-tests, we utilized one-sample t-tests against chance performance to probe 

animals performance on object recognition.  One sample t-tests to chance performance are 

frequently used in behavioral neuroscience to determine whether performance of a given group 

differs significantly from chance (Gervais et al., 2016; Jacklin et al., 2016; Lins et al., 2018). 

Results 

Perineuronal Nets & Interstitial Matrix. To confirm the degradation of CSPGs and PNNs after 

treatment with ChABC, we stained with Chondroitin-4-Sulfate (C-4-S), a marker for cleaved 

components of CSPGs, and Wisteria Floribunda Agglutinin (WFA), a marker for the CSPGs 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 mPFC (t(77)=0.37, p = 0.72). Staining intensity for C-4-S was 

significantly greater in ChABC treated animals than controls (Figure 1. F; t(76)=12.56, p < 

0.0001). ChABC treatment induced a significant reduction in WFA staining intensity (Figure 1. 

G; t(77)=4.83, p < 0.0001) and a reduction in PNN density within the mPFC (Figure 2. E; 

t(77)=6.403, p < 0.0001). As 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. E; t(76)=1.327, p = 0.19). C4S staining intensity (Figure 1. F; t(76)=0.07, p = 0.94) and 

WFA staining intensity (Figure 1. G; t(76)=1.03, p = 0.30) within the S1J were also unaffected by 

ChABC treatment. We also visually inspected slides anterior of the 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 hippocampus (data not shown).  

Parvalbumin-expressing (PV+) Interneurons. PNNs most frequently surround PV+ inhibitory 

interneurons (Härtig 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 interneurons, the total density of PV+ cells was unchanged (Figure 2. F; t(77)=0.74, p = 

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

ChABC treated animals (Figure 2. G; t(77)=2.71, p < 0.01).  

GAD67 Expression. To 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 PEN and ChABC groups in terms of the number of cells analyzed (t(29)=1.28, 

p = 0.21). PV+ fluorescence within PV+ cells did not differ between groups (Figure 3. F; 

t(29)=1.17, p = 0.25). Similarly, ChABC treatment did not result in an overall change in GAD67+ 

fluorescence from within PV+ cells (Figure 3. G; t(29)=0.99, p = 0.33).  

Gephryin+ Puncta. To 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 = 8). Within the mPFC, the 

total number of Gephryin+ puncta was not affected by ChABC treatment (t(14)=1.30, p = 0.22). 

Next, we assessed Gephryin+ puncta colocalized with NeuN, a marker for neuronal cells. A total 

of 229 cells were analyzed (avg = 14.31 per animal) and measured cell size did not differ 

between PEN or ChABC animals (t(14)=0.27, p = 0.82). The number of Gephyrin+ puncta 

colocalized with NeuN did not differ between groups (Figure 3. H; t(14)=0.67, p = 0.51) 

Immune Cell Labeling. To 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; t(30)=0.50, p = 0.61) but IBA1+ microglia cell density was significantly increased in treated 

animals (Figure 4. D; t(30)=2.31, p < 0.05). Treatment with ChABC did not significantly alter 

GFAP+ immunoreactivity (Figure 4. E; t(30)=0.28, p = 0.79).  

Prepulse Inhibition. To assess whether PNN degradation resulted in deficits in sensorimotor 

gating, rats were tested on a (PPI) task using the presentation of acoustic stimuli. Rats showed a 

robust startle response to presentation of 120-db tones in all treatment groups (PEN = 25, 

ChABC = 24). We observed a main effect of pulse block (F(2,141) = 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 effect was not significant (F(1,141) = 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 (F(2,141) = 35.44, p < 0.0001) confirmed this observation 

(Figure 4. B). There was no main effect of treatment with ChABC on prepulse inhibition (F(1,141) 

= 0.01, p = 0.93) and no interaction between prepulse intensity and treatment (F(2,141) = 0.25, p = 

0.78). Linear regression was used to investigate the relationship between PNN density and 

prepulse inhibition for 12 dB prepulses but no significant relationship was detected (R2 < 0.01, p 

= 0.91) 

CMOR. To assess whether PNN degradation affected recognition memory we assessed rats on a 

CMOR task (PEN = 20, ChABC = 23). Both groups 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; cross-modal: 

PEN=46.14±3.69 s, ChABC=42.74±3.12 s; statistics not shown). In the tactile object recognition 

testing phase, both groups had similar total exploration time of the objects (Figure 6. B; 

t(46)=1.31, p = 0.26) and discrimination ratio for the novel object was not affected by treatment 

(t(46)=0.32, p = 0.75). One sample t-tests revealed that rats in both groups displayed a preference 

for the novel object significantly greater than expected by chance (PEN t(23)=6.80, p<0.001; 

ChABC t(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. C; (t(46)=0.21, p = 0.83) and discrimination 

ratio for the novel object was not affected by treatment (t(46)=0.19, p = 0.85). Rats in both groups 

displayed a preference for the novel object significantly greater than expected by chance (one 

sample t-tests, PEN t(23)=1.97, p=0.03; ChABC t(23)=2.35, p = 0.01). In the CMOR testing phase, 
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both groups had similar total exploration time of the objects (t(41)=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. D; t(41)=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 sample t-test: t(19) = 2.80, p = 0.01) 

whereas rats treated with ChABC did not perform significantly better than chance (t(22) = 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 (Figure 6. E-G; visual: R2 = 

0.02, p = 0.37; tactile: R2 = 0.01, p = 0.62; CMOR: R2 = 0.02, p = 0.44).  

Oddity Task. As 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 representations of odd stimuli in their environment. There was no 

difference between total time exploring the objects for PEN or ChABC groups (t(14)=0.04, p = 

0.96). When the percentage of exploration for the odd object was evaluated, ChABC-treated rats 

spent significantly less time inspecting the odd object compared to the duplicate objects than 

PEN-treated rats (Figure 7. B; t(14)=2.55, p < 0.05). Linear regression analysis identified a 

significant relationship between PNN density and the odd object preference in both groups 

(Figure 6. C; R2 = 0.36, p < 0.05). 

Rats evaluated on the oddity task were perfused 100 minutes after completion of the test 

to permit analysis of c-Fos immunoreactivity as a marker of neuronal activity in the mPFC (PEN 

= 8, ChABC = 8). Treatment with ChABC did not significantly alter the total number of c-Fos+ 

cells (Figure 8. F; t(14)=0.33, p = 0.75) nor was there a change in the intensity of c-Fos+ 

immunofluorescence in the cell soma (Figure 8. H, t(14)=0.56, p = 0.59). However, a comparison 
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of the number of PV+ cells that co-localized with c-Fos+ immunoreactivity in ChABC animals 

relative to controls approached statistical significance (Figure 8. G, t(14)=2.10, p = 0.054). 

Set-Shifting & Reversal Learning. To determine if animals treated with ChABC had deficits in 

cognitive flexibility and learning, rats were assessed in set-shifting and reversal learning 

paradigms. Rats in both groups (PEN, n=15; ChABC, n=16) had similar trials to reach criterion 

for the set-shifting task (t(29)=0.16, p = 0.87) and a similar number of total errors (t(29)=0.16, p = 

0.87). Comparison of perseverative errors only revealed no significant differences between 

treatment groups (t(29)=0.51, p = 0.61) nor did they differ statistically in regressive errors 

(t(29)=0.83, p = 0.42). A simple linear regression was utilized to determine the relationship 

between PNN density and total errors committed in the set-shifting task but no relationship was 

found (R2 = 0.03, p = 0.34) 

With regards to reversal learning, both PEN (n=16) and ChABC (n=16) rats required a similar 

number of trials to reach criterion (t(29)=0.34, p = 0.74) and committed a similar number of total 

errors (t(29)=0.04, p = 0.97). Errors committed by the two groups also did not differ when 

subdivided into perseverative errors (t(29)=0.57, p = 0.57) or regressive errors (t(29)=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 between PNN density and 

total errors, but this effect was not significant (R2 = 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 elevated staining for C-4-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 density of PV+ inhibitory 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+ protein, c-Fos+, gephyrin or GAD67. ChABC treatment 

significantly increased the density of IBA1+ microglia within the mPFC. Notably, PNN loss in 

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

prepulse inhibition, set-shifting, and reversal learning were unaffected. 

Perineuronal Nets & Cognitive Function 

The battery 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 polyI:C 

during pregnancy. As the offspring of polyI:C-treated dams display altered behavior 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 infusions in young 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 rats. ChABC 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). Therefore, 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 frontal-dependent object recognition tasks, including object-in-place and CMOR, were 

observed in the male offspring of polyI: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 



107 
 

 

battery, were unaffected (Howland et al. 2012; Ballendine et al. 2015). Lesions of the 

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

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

performance of CMOR. Reconciling the effect of mPFC ChABC injections on CMOR with the 

lack of effect on the operant conditioning-based discrimination, set-shifting, and reversal 

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

the set-shifting 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 circuitry involved 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 oddity tasks (Bartko et al. 2007). As mPFC interactions with the perirhinal cortex are 

necessary for some object memory tasks (Hannesson, 2004), it 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 cognitive function. PNN loss is associated with behavioral changes in several 

brain disorders (Pantazopoulos & 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 currents onto mPFC pyramidal cells 

and impair cocaine-induced conditioned-place preference memory (Slaker et al., 2015). 

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

as indicated by the density of c-Fos+ cells, but the number of c-Fos+ cells ensheathed by a PNN 
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was decreased. These findings differ from the trend towards elevated c-Fos+ expression in PV+ 

inhibitory interneurons observed in our data. Elevated c-Fos in PV+ neurons is consistent, 

however, with recent data showing ChABC treatment in the anterior cingulate cortex increased 

the fast rhythmic activity of GABAergic interneurons (Steullet t al., 2014). Interestingly, PNN 

degradation by genetic knockout of the PNN component Cartilage-link-1 protein or with ChABC 

treatment into the perirhinal cortex enhanced object recognition (Romberg et al., 2013). 

Similarly, genetic depletion of Tenascin-R, a PNN component, improved performance in reversal 

learning and working memory paradigms (Morellini et al., 2010). In contrast, genetic knockout 

of Tenascin-C produced deficits in hippocampal-dependent contextual memory (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 degradation and behavioral 

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 given prior to fear conditioning and 

extinction (Gogolla et al., 2009). Conversely, removal of PNNs within the basolateral amygdala 

impairs drug-associated memories, but only if given after memory formation but 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., 2015), whereas PNN density was only significantly reduced 3 days post-injection 

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 post-injection. These differences might 

be explained by animal strain differences (Sprague Dawley vs Long-Evans rats in our study) or 
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injection volume (0.6 µl total volume vs. 0.6 µl/side in our study) as ChABC concentration used 

were similar (0.09 units/µl vs 0.1 units/µl 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 in light of 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 acting as a buffers of excess 

cation changes in the local extracellular space (Härtig et al., 1999). The loss of PNNs has also 

been suggested to disrupt ion homeostasis and contribute to changes in functional activity of host 

neurons (e.g., hyperexcitability; Brückner et al., 1993). PNNs 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 naïve receptors from the 

extrasynaptic pool (Heine et al., 2008). PNNs restrict this process, allowing for desensitization of 

synapses (Frischknecht et al., 2009). Degradation of PNNs might contribute to the hyper-

excitability in neuronal cells that previously hosted PNNs. This is consistent with previous 

findings that ChABC treatment increases the firing rate of inhibitory interneurons (Dityatev et 

al., 2007; L. Liu et al., 2023). Our c-Fos immunolabeling did not conclusively identify increased 

immediate early gene activity in PV+ cells in ChABC-treated rats following the oddity task, but 

a comparison of the number of PV+ cells expressing c-Fos (relative to controls) approached 

statistical significance (p = 0.054).   
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PNNs also play a critical role in the regulation of neural plasticity, as evidenced by their 

role regulating critical periods of heightened plasticity during development (Sorg et al., 2016; 

Takesian & Hensch, 2013). Notably, PV upregulation denotes the onset of critical periods and 

the appearance of PNNs expression indicates the closure of critical periods (del Rio et al., 1994; 

Hensch, 2005; McRae et al., 2007; Takesian & Hensch, 2013). In maturity, the degradation of 

PNNs can re-open critical periods of elevated structural and functional plasticity (Gogolla et al., 

2009; Pizzorusso et al., 2002). Moreover, 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 adulthood (Carulli et al., 2010). Outside of critical periods, 

PNNs maintain similar plasticity-restricting properties. The degradation of PNNs with 

microinjections of ChABC enhances spine dynamics in hippocampal pyramidal cells (Orlando et 

al., 2012). Similarly, injections of ChABC into the visual cortex of adult mice can enhance spine 

dynamics and contribute to long term functional synaptic plasticity (de Vivo et al., 2013; 

Pizzorusso et al., 2006). While digestion of PNNs in mPFC in our study was associated with 

varying degrees 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 oxidative stress and other pathological processes 

in CNS disease (Morawski et al., 2004; Suttkus, Morawski, et al., 2016). Fast-spiking PV+ 

interneurons are highly susceptible to oxidative stress and their association with PNNs is 

protective in immature and mature PV cells (Cabungcal et al., 2013; Suttkus et al., 2012) Suttkus 

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 more susceptible 
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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 evaluated (Steullet et 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.  

PNNs in CNS Disease 

Our findings contribute to a growing body of literature that implicates PNNs and their 

loss in the symptomatology of CNS disorders such as schizophrenia, epilepsy, and Alzheimer’s 

(Baig et al., 2005; Berretta et al., 2015; Bitanihirwe & Woo, 2014; McRae & Porter, 2012; 

Okamoto et al., 1994; Pantazopoulos & Berretta, 2016; Pollock et al., 2014; Winship et al., 

2018). Decreased PNN density in the prefrontal cortex, superior temporal cortex, and amygdala 

has been reported in post-mortem tissue from patients diagnosed with schizophrenia (Enwright et 

al., 2016; Mauney et al., 2013; Pantazopoulos et al., 2010). The loss of PNNs in the mPFC has 

also been recapitulated in animal models of schizophrenia (Paylor et al., 2016; Steullet et al., 

2017). Our finding that PNN loss can disrupt performance on the CMOR task are of particular 

importance in this context, as polyI:C affected animals present with a CMOR deficit (Ballendine 

et al., 2015). In schizophrenia, disturbances to the inhibitory system have been reported, 

including loss of PV+ expression and GAD67, the GABA synthesis enzyme (Enwright et al., 

2016; Glausier et al., 2014; Kimoto et al., 2014; Volk et al., 2000). CSPG 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 may be that altered PV 

and GAD67 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 the healthy expression 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 not grossly 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. These findings 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 

PNNs. While the mechanisms by 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), 

WFA (C), and merges images (D). Within the mPFC, PEN-treated and ChABC-treated 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 ChABC treated animals (G). Similar analysis of the 

S1 (middle panels) of the same tissue slices from PEN-treated and ChABC-treated animals 

revealed no differences in C4S or WFA consistent with the localized injection and degradation 

we observed. Higher magnification images (left) images are 100x100 um (10000um2) insets 

taken from white-lined 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 did not affect PV+ interneurons. 

Representative images of DAPI (A), WFA (B), PV+ (C), and merges images (D). An 

examination of PNN density (E) showed that ChABC-treated animals had a significant reduction 

in PNNs. The density of PV+ interneurons was unchanged after 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 (10000um2) insets taken from white-lined 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 treatment. To evaluate 

the effect of ChABC treatment 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, puncta 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 (10000um2) in size. 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 over PEN-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 (10000um2) insets taken from white-lined boxes (D, left). Scale bar (white) is 100 

microns. * = p < 0.05 Scale bar (white) is 100 microns. PEN, n=16; ChABC, n=16. * = p < 0.05.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



122 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



123 
 

 

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 cross-modal recognition memory. (A) 

Graphic illustration of the behavioral assay. To emphasize the tactile modality (top) in object 

recognition, the lights are turned off during the task to limit rat’s ability to gather visual 

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 cross-modal phase (lower), 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 ChABC treatment, animals still performed significantly better than chance. In the 

cross-modal 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 conducted to determine 

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 cross-modal (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) Animals treated 

with ChABC had a significant impairment in % exploration for the odd object compared to PEN 

animals. (C) Linear regression showed that animal’s PNN density, irrespective of treatment 

group, was predictive of performance on the oddity task. PEN, n=8; ChABC, n=8. * = p < 0.05. 
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Figure 3.8. PNN degradation did not alter the cFos activity in PV+ cells. To evaluate the 

effect of behavioural testing on cellular activity, we time-perfused (100-minutes) a subset (n=16) 

of animals after the oddity object experiment and examined c-Fos+ expression, a marker of 

heightened neuronal activity. Representative images for PV+ cells (A), c-Fos (B), and merged 

images (C). ChABC treatment did not result in a change in the total number of c-Fos+ cells 

within the mPFC, (F) it did however result in a slight increase in the number c-Fos+ colocalized 

with PV+, but this effect did not reach statistical significance (G). ChABC treatment did not 

affect c-Fos+ fluorescence within PV+ cells (H). Images are 100x100 um (10000um2). PEN, 

n=8; ChABC, n=8. * = p < 0.05. 
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Chapter 4 – 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 

Perineuronal net (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 can result 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 for 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 involving working 

memory and utilize mesoscale imaging to evaluate broader cortical changes. We utilized an 

immune-evasive dual viral vector system, dox-i-ChABC, under the control of a doxycycline 

trigger to express chondroitinase ABC (ChABC) within the two target regions. PNN degradation 

in the medial prefrontal cortex was not associated with cognitive impairment in any task. 

Degradation of PNNs in retrosplenial cortex induced moderate impairment of object recognition 

memory in the crossmodal object recognition task. Interestingly, PNN degradation resulted in 

reduced parvalbumin+ interneurons density in the RSC. Wide-field optical imaging was used to 

evaluate broader changes in cortical connectivity after PNN degradation in the RSC. We found 

that cortical functional 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 degradation in RSC can impair performance in tests of working memory, 

potentially via the loss of parvalbumin+ interneurons and alterations in low frequency cortical 

activity. These findings encourage further investigation into the contributions that PNN loss 

makes to cognitive impairment and cortical interconnectivity, all of which are disturbed in CNS 

diseases like schizophrenia.  
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Introduction 

Perineuronal nets (PNNs) are critical regulators of neuronal plasticity within the central nervous 

system (CNS). They restrict the capacity for host neurons to modify their neuronal connections, 

provide neuroprotection against reactive oxygen species and other stressors, and their presence 

stabilizes ongoing functional activity both locally and within larger cortical networks (Fawcett et 

al., 2019; Reichelt et al., 2019; Sorg et al., 2016; Wang & Fawcett, 2012). In recent years, 

numerous studies have highlighted the impact of CNS injuries and disease on PNN integrity 

within the brain. Post-mortem samples from patients who suffered from schizophrenia, bipolar 

disorder, epilepsy, multiple sclerosis, and Alzheimer’s disease have shown to have PNN deficits 

(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 PNN loss is a 

common feature across a wide variety of models, even those with unique etiological origins 

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

a common feature among numerous CNS diseases and their models, there is significant interest 

into how the loss of perineuronal nets impacts CNS function. More specifically, how the loss of 

PNNs impacts the activity of the cortex and how this in turn affects 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 (CSPGs), to evaluate the consequences of 

their loss. While endogenous enzymes like matrix metalloproteinases or a disintegrin with 

thrombospondin motifs (ADAMTSs) do exist, most commonly Chondroitinase-ABC (ChABC) 

which degrades the glycosaminoglycan side chains of CSPGs is administered. This 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 deposited. Degradation studies have provided immense 

insight into the importance of PNNs within the CNS. Functionally, PNNs are known to restrict 

synaptic turnover which limits the exchange of sensitized receptors for naïve ones (Frischknecht 

et al., 2009). They limit the motility of dendritic spines and when degraded, new spine formation 

is increased (Orlando et al., 2012). The presence of PNNs also supports the balance between 

excitatory and inhibitory spiking and contributes to ion homeostasis around highly active 

inhibitory interneurons (Lensjø et al., 2017). Within this balance, the degradation of PNNs 

reduces inhibitory activity and reverts cortical networks to a more juvenile, excited state. The 

depletion of PNNs can also alter inhibitory and excitatory inputs onto inhibitory cell types 

(Caroni, 2015; Donato et al., 2013; Fawcett et al., 2019; Takesian & Hensch, 2013). Despite 

these generalized phenomena, the functional consequences of PNN loss and reduced GABAergic 

inhibition are less clear and appear to vary by the region affected. For example, PNN depletion 

with chondroitinase ABC (ChABC) in the hippocampus can impair long term potentiation (LTP) 

and long term depression (LTD), but the same treatment administered to the perirhinal cortex 

enhances LTD (Lensjø et al., 2017). Other 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 brevican, early-phase hippocampal LTP is impaired and in 

mice lacking neurocan, late-phase hippocampal LTP is impaired (Brakebusch et al., 2002; Zhou 

et al., 2001). The differences between these results are likely due to regional heterogeneity, as 

PNNs are not a homogenous structure nor are the cellular types they surround (Matthews et al., 

2002; Ojima et al., 1998). Still, these studies demonstrate a clear impact of PNN degradation on 

synaptic transmission. 
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 PNNs are most typically associated with parvalbumin positive (PV) inhibitory 

interneurons. Depending on the region examined, up to 70% of PV+ interneurons can be 

surrounded by a PNN (Enwright et al., 2016; Pantazopoulos et al., 2006). PV+ interneurons play 

important roles in aspects of neuronal transmission such as gain control, lateral inhibition, and 

pattern separation and they are the primary source of perisomatic inhibitory input on cortical 

neurons (Bartos & Elgueta, 2012; Carceller et al., 2020; Takesian & Hensch, 2013). On a larger 

scale, PV+ interneurons are essential to the generation of gamma oscillatory activity which is 

thought to contribute to sensory integration and feature-binding across broad brain domains 

(Lodge et al., 2009; Sohal et al., 2009). This rhythm is generated as the high-frequency action 

potentials of fast-spiking 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 the post-mortem brain tissue of patients 

who suffered from the disease (Enwright et al., 2016; Gonzalez-Burgos & Lewis, 2012; Kilonzo 

et al., 2020; Mauney et al., 2013; Pantazopoulos et 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 observed (Canetta et al., 2016; Dickerson et al., 2010; 

Jadi et al., 2016; Paylor et al., 2016). Notably, SZ and animal models of the disease also exhibit 

alterations at other frequency ranges, including theta and low frequency activity (Hunt et al., 

2017; Speers & Bilkey, 2021; Uhlhaas et al., 2008). PV+ interneurons have been shown to 

contribute to activity within these frequency ranges as well (Christensen et al., 2021; Lensjø et 

al., 2017; Shi et al., 2019). Together, these studies demonstrate the broader cortical impact of 

PNN disruption and its impact on PV+ interneurons activity and implicate PNNs in 
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schizophrenia related dysfunction of PV+ interneurons, plasticity, and the inhibitory/excitatory 

balance of the cortex (Berretta et al., 2015; Bucher et al., 2021; Do et al., 2015; Lewis, 2014)  

PNNs make contributions to both the ongoing 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 best studied for their role in critical periods of plasticity, within which unique 

cortical regions undergo significant remodeling in response to an external stimulus (Reh et al., 

2020; Reichelt et al., 2019; Takesian & Hensch, 2013). This is readily demonstrated in the visual 

system, where in response to light, the visual cortex undergoes dramatic reorganization. The 

result of this remodeling is ocular dominance columns which are stabilized long-term at the 

closure of the critical window of plasticity. The degradation of PNNs, often achieved by 

application of an enzyme like ChABC, which cleaves apart PNN components, can reopen these 

critical windows of plasticity and allow for further remodeling of cortical tissue (Pizzorusso et 

al., 2002). Similar phenomena have been observed in the somatosensory cortex with the 

development of the barrel cortex, in the amygdala with the development of a mature fear 

extinction phenotype, and in CA1 of the hippocampus for episodic memory (Gogolla et al., 

2009; McRae et al., 2007; Ramsaran et al., 2023). Another means to deplete PNNs is by 

preventing their formation via genetic knockouts of essential components such as chondroitin 

sulfate proteoglycans, hyaluronan, or link proteins. Two studies utilizing genetic knockouts of 

Ctrl1 and Acan which encode for cartilage link protein and aggrecan, respectively, show that 

these knockouts attenuate PNN formation and that these animals display persistent ocular 

dominance plasticity and aberrant axonal sprouting in sensory pathways (Carulli et al., 2010; 

Rowlands et al., 2018). These studies demonstrate that PNNs are an important limiting factor on 
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structural plasticity, and that their presence supports stable, long-term organization 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 further step would be to evaluate the impact of 

PNN loss on broader, brain-wide connectivity and communication. Diseases like schizophrenia 

which feature significant PNN loss also exhibit disturbances in the human ‘connectome’, which 

is the more comprehensive connectivity map of the human brain (Lavigne et al., 2022; MacKay 

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

broader mesoscale imaging techniques 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 loss has demonstrated effects on cognition and behaviour. In CNS diseases, PNN 

deficits have been most widely reported in the post-mortem tissue of people who suffered from 

schizophrenia, which also presents with significant impairments in working memory (Enwright 

et al., 2016; Forbes et al., 2009; Lett et al., 2014; Mauney et al., 2013; Pantazopoulos et al., 

2013; Pantazopoulos et al., 2010; Pietersen et al., 2014). The 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 rats, PNN 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 controls (Paylor et al., 2016). The timing of the emergence of a PNN deficit in 

the prefrontal cortex of these animals is paralleled by the development of working memory 

deficits (Ballendine et al., 2015; Howland et al., 2012; Wolff & Bilkey, 2008). Furthermore, 

direct injections of ChABC to degrade PNNs in prefrontal cortex of otherwise healthy animals 

impairs performance on novel object recognition tests of working memory (Paylor et al., 2018). 

Thus, direct PNN manipulation can impact working memory performance outside of the 

confounds of developmental models or disease. It also specifically implicates the mPFC, a region 

that is a significant locus for dysfunction in schizophrenia, in working memory impairments 

(Dienel et al., 2022; Glahn et al., 2005). Interestingly, PNN degradation does not always have 

consistent effects depending on the region affected. While working memory is impaired after 

degradation of PNNs in the mPFC, enzymatic attenuation of PNNs within the perirhinal cortex 

can enhance object recognition, as can brain-wide attenuation of aggrecan (Romberg et al., 2013; 

Rowlands et al., 2018). The 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 function. Support for this is eloquently shown in a recent study where 

bilateral inactivation in any of the mPFC, medial entorhinal cortex, anteromedial 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. However, when 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 described here demonstrate that PNN disruption can have clear 
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consequences for cognition, but also highlight the need for a more comprehensive understanding 

of how PNN disruption can impact broader connectivity patterns.  

In addition to the mPFC, the retrosplenial cortex (RSC) is an emerging region of interest 

in studies evaluating cognitive impairment such as is seen in schizophrenia. The RSC is a highly-

interconnected, associative region of cortex that shares anatomical connections with the medial 

temporal lobe, parietal cortex, frontal cortical regions, the thalamus, as well as the hippocampus 

and hippocampal formation (Bluhm et al., 2009; Monko & Heilbronner, 2021; Morris et al., 

1999; Vann et al., 2009). It has been identified as a part of the default-mode network, which is 

preferentially active when the host is not focused on their external environment (Buckner & 

DiNicola, 2019; Lu et al., 2012; Raichle, 2015; Raichle et al., 2001). Historically, studies of the 

RSC have focused largely on its role in spatial navigation and spatial working memory, but more 

recent reports have revealed much broader and more integrative functions (Mitchell et al., 2018; 

Troy Harker & Whishaw, 2004; Vann et al., 2009).  For example, in the non-spatial Y-maze, an 

arena that lacks any major spatial cues, object recognition is impaired after inactivation of the 

RSC (de Landeta et al., 2021). This suggests that the contributions of the RSC to working 

memory are not only restricted to spatial tasks. In a broader context, a recent meta-analysis 

demonstrated that the RSC is 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). Connectivity studies indicate that communication between many of 

these regions, including the RSC, appear to be disturbed in schizophrenia and this might 

contribute to cognitive impairment in the disorder (Bluhm et al., 2009; Liang et al., 2006; Monko 

& Heilbronner, 2021; Whitfield-Gabrieli et al., 2009). Despite its potential significance for 

cognitive impairment in schizophrenia, there is limited research on PNNs in the RSC. 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, the RSC has by relative amounts one of the densest expression patterns of 

perineuronal nets in the cortex in rodents (Carceller et al., 2022; Seeger et al., 1994). This might 

indicate that PNN loss within the RSC because of pathophysiological processes or after targeted 

degradation could have significant impacts on its contributions to cognition. And secondly, the 

RSC’s high 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 how working memory performance and brain 

activity as assessed by optical imaging were impacted by PNN degradation in either the mPFC or 

RSC. The healthy functioning of these two regions has been shown to contribute to cognitive 

tasks such as working memory, and both are regions of interest in disorders featuring cognitive 

impairment including schizophrenia. To deplete PNNs, we utilized an immune-evasive viral 

vector called dox-i-ChABC that expresses ChABC under the control of a dietary trigger. This 

design allowed us to degrade PNNs locally within the mPFC or RSC for a defined period. We 

subjected animals to a battery of behavioural assessments at three time points: baseline, after 1-

month of ChABC expression, and again 1 month after ChABC had been withdrawn. Our data 

show that 30 days of PNN degradation within the RSC can have a subtle impact in performance 

on tests of working memory and reduce the density of PV+ interneurons. PNN degradation in the 

mPFC by contrast had no impact on cognitive performance of PV+ density. To determine the 

impact on cortical activity patterns, we used wide-field optical imaging to assess spontaneous 

and auditory evoked activity after 30 days of ChABC expression in the RSC.  These data suggest 

that while broad functional connectivity of RSC during spontaneous or sensory evoked activity 
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was not significantly altered, there was a significant reduction in in the power of low frequency 

(i.e., slow wave) activity in the RSC during spontaneous activity. These findings encourage 

further investigation into how the microscale cellular consequences of PNN degradation translate 

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

Methods 

Subjects. All mice, total n = 77, were utilized from an on-site breeding colony at the University 

of Alberta. The behavioural experiments included a total of n = 66 animals, approximately 2-

months of age, cross-bred from two genetic strains on a BL6 background: Thy1-GCaMP6S and 

Pvalb-tdTomato. These strains express an activity-dependent green fluorescent protein in Thy1+ 

neurons or red fluorescent protein (TdTomato) in PV+ interneurons, respectively. Breeding these 

lines together resulted in 4 unique strains of double-positive (PG), single positive for Thy1-

GCaMP6S (G) or Pvalb-TdTomato (P) or expressing neither (WT). Cages of animals with mixed 

genotypes were randomly assigned to two groups: control (WT = 11, G = 14, P = 6, PG = 7), 

which included animals that received dox-i-ChABC injections but did not get the doxycycline 

diet (Dox-Virus+) and animals that had no dox-i-ChABC injections but did receive doxycycline 

diet (Dox+Virus-), and the ChABC group (WT =17, G = 12, P = 3, PG = 7), which received both 

dox-i-ChABC injections and doxycycline administration (Dox+Virus+). Animals that received 

dox-i-ChABC were also randomized to receive viral vector injections at one of two sites: mPFC 

(control, n = 17; dox, n = 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 12-hour light/dark cycle. The wide field optical imaging studies 

included a total of n = 10 adult B6(Thy1-GCaMP6s)4.3 mice. These mice express a genetically-

encoded calcium indicator under the Thy1 promoter (Dana et al., 2014). All the animals received 
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viral vector injections of dox-i-ChABC bilaterally over the RSC site and were randomly assigned 

to control (n = 5) or doxycycline (n = 6) dietary conditions. All procedures are conducted in 

accordance with the Canadian Council for Animal Care and are approved by the University of 

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

Surgical Preparation. Animals were anesthetised at 4% isoflurane and kept on maintenance 

anesthesia for surgery between 2-2.5% 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 and the midline suture of the brain 

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

0.5, AP = +1.7) or RSC (ML = 0.5, AP = -2.7) and a syringe attached mounted on a stereotaxic 

frame was inserted into the brain at a depth of 2.0 mm for mPFC injections and 1.0 mm for RSC 

injections. Viral vectors were injected over 5 minutes at a rate of 0.2 μl/minute (total volume 1.0 

μl). The same procedure was the carried out in the opposing hemisphere at the same injection 

region. After the injection procedure was complete, the scalp was resealed using surgical sutures. 

For animals intended for wide-field optical imaging (n = 11), the same procedure was followed 

but a much larger section of scalp was fully removed to accommodate a 10 mm x 10 mm 

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 cement (C&B – 

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

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

prior to the start of behavioural assessments.    

ChABC Expression. We utilized an immune-evasive dual lentiviral vector system, dox-i-ChABC, 

where ChABC expression is under control of a doxycycline inducible regulatory switch that 

utilizes a chimeric transactivator designed to evade T cell recognition (LV.PGK.GARrtTA + 

LV.TRE.ChABC; described in Burnside et al., 2018). The dox-i-ChABC system allowed us to 

exert temporal control over ChABC expression with a localized targeting within the cortex, 

whilst remaining largely immunologically inert. The doxycycline trigger is a broad-spectrum 

antibiotic that is widely available in clinical contexts and can be administered easily via animal’s 

diet. During initial housing and breeding all animals were 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 doxycycline (Dox Diet, 200mg/kg, Bio-Serv) chow with ad libitum access for 

30 days. After completion of the second behavioral testing session, the remaining available chow 

was removed, and all animals had access to control diet for an additional 30 days. For animals in 

the optical imaging 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 Testing. Animals underwent three batteries of behavioural testing that included 

assessments in the open field, oddity task, spontaneous alternation, and cross-modal object 

recognition. These sessions, including habituation and testing were spread across 7 days for each 

set of assessments at three time points: baseline, after 30 days of dietary treatment, and 30 days 

after the dietary regiment for both groups had been switched to control. The order of tasks for all 
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animals was as follows: open field, the oddity task, spontaneous alternation, visual object 

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

Open Field Assessments. The open field recordings were taken a square testing arena (40 x 40 x 

15 cm) constructed of white corrugated plastic. Animals were placed in the testing arena for a 

singular 5-minute session and their behaviour recorded from fixed camera above the arena. 

Assessments of video recordings were completed in Matlab with the OptiMouse program from 

animal positional detection (Ben-Shaul, 2017). 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 walls 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 anxiety (Seibenhener & 

Wooten, 2015). To evaluate this parameter, we recorded time spent in the entire area (Tarena; 

40x40 cm) and within the centre (Tcentre; 20x20cm) of the arena. We then calculated the 

percentage of time spent in the exterior of the arena with the formula: (Tarena - Tcentre) / Tarena x 

100. 

Oddity Object Recognition. The oddity object discrimination test measure object perception 

using three copies of identical objects and a fourth ‘odd’ object. The testing apparatus was a 

square arena (40 cm x 40 cm x 15 cm) made of clear corrugated plastic with opaque white 

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 one odd object 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. The location of the odd object within the arena was 
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counterbalanced among the mice in each treatment 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 criteria: the mouse’ head must be oriented towards the 

object, within 2 cm of the object, and not actively grooming. Odd object preference was reported 

as a percentage ([Todd / Ttot] x 100) of the total time exploring the odd object, where “Todd” 

represents time spent exploring the odd object and “Ttot” the total time spent exploring all four 

objects during the test trial. 

Spontaneous Alternation. Spontaneous 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 which the acquisition of total number and pattern of arm entries were recorded using 

a video camera and analyzed. Assessments of video recordings were completed in Matlab with 

the OptiMouse program from animal positional detection (Ben-Shaul, 2017). Percentage of 

spontaneous alternation was calculated based on the number of triads “Tnot” containing entries 

into all three arms divided by the maximum number of possible alternations (total arm entries 

minus 2, Tna-2) i.e., percentage of spontaneous alternation= Tnot /(Tna-2). 

Cross-modal Object Recognition. This task utilized spontaneous exploratory behaviour to assess 

visual and tactile memory, as well as visual-tactile sensory integration (Winters and Reid, 

2010; Ballendine et al., 2015). Animals are placed into symmetrical Y shaped maze composed of 

a start arm and two object arms (35L x 7W x 15H cm). An opaque white plastic insert was used 

as a barrier between the start arm and the two object arms. In each of the object arms, an object 

could be fastened at the distal end of the arm and clear plastic inserts could be placed to prevent 

animals from interacting with the objects. The objects utilized were a mix of plastic animal 
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figures, rubber toys, and 3-D printed objects, all 6-8 cm in height. Mice 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 barriers were inserted in 

the object arms. No objects were present in the habituation sessions. These limitations prevent 

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

when the clear plastic barrier is present. After habituation, 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 of the Y-maze. 

After a 60-minute delay, the animals underwent a test phase with a third copy of the identical 

object and a novel object present in the object arms. The novel object and the novel object arm 

were counterbalanced across all animals. Mice began the experiment in the start arm, the door 

was open and closed once mice entered the object arms. The test phase was 2-minutes in 

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

the sample phase and visual conditions (white light, clear 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 was manually scored by investigators blind to the treatment status of the mice and 

identity of the objects. Novel object preference was reported as a discrimination ratio (DR): (tnov-

tfam) / ttot, wherein “tnov” represents time exploring the novel object during the testing phase, “tfam” 

represents time exploring the familiar object, and “ttot” represents total time spent exploring both 

objects over the course of the 2-minute trial.  

Tissue Collection. Following the final behavioural testing session, mice were deeply anesthetized 

with isoflurane and perfused transcardially with PBC followed by a 4% 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 and optimal cutting temperature gel 

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

Immunohistochemistry. Slides were warmed to room temperature for 20 min and then given three 

washes in 1× PBS for 10 min each. After which slides were incubated for 1 h with 10% Protein 

Block, serum-free (Dako) in 1× 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% 1× PBS with 0.1% Triton X-100. Primary antibodies were as follows: mouse anti-

chondroitin-4-sulfate (C4S; 1:400; Millipore), Wisteria floribunda agglutinin (WFA; 1:1000; 

Vector Labs), rabbit anti-parvalbumin (1:1000; Swant); rabbit anti-IBA1 (1:200; Dako); mouse 

anti-GFAP (1:200; Sigma-Aldrich). After overnight incubation, slides were washed three times, 

twice in 1× PBS with 1% Tween 20 and once in 1× PBS. Slides were then incubated for 1 h with 

secondary antibodies in antibody solution (as above). Secondary antibodies were as follows: 

streptavidin 647 (1:200; Invitrogen), donkey anti-mouse Alexa Fluor 488 (1:200; Invitrogen), 

donkey anti-rabbit Alexa Fluor 647 (1:200; Invitrogen), and donkey anti-mouse 647 (1:200; 

Invitrogen). After 1 h of incubation, slides were washed again three times and mounted with 

4’,6-diamidino-2-phenylindole (DAPI) in Vectashield mounting medium (Vector Labs). 

Epifluorescent Microscopy. Images were acquired using a Leica DMI6000B Microscope with 

LAS AF computer software. Regions of interest were identified using Allen Mouse Brain Atlas 

(Allen Reference Atlas – Mouse Brain. Available from atlas.brain-map.org) and selected 

based on landmarks in the DAPI nuclear staining pattern. The coordinates for each region were 

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

the imaging window aligned to the dorsal midline of the brain, extending laterally). RSC images 

were captured at 5X magnification and the mPFC at 10X. For each animal, a total of 4 images 

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

used across all animals for each region and stain.  

Immunohistochemistry Quantification. Analysis 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 measurement area quantified for 

comparison. The region of interest was localized using DAPI immunolabeling. For all stains 

mean brightness within the measurement area was captured. We also visually inspected adjacent 

cortical areas and slices to determine the targeting of 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 mPFC. In the RSC group 

some animals showed C4S expression in the adjacent secondary motor cortex and dorsal 

hippocampus. Cell counts for PV+ and IBA1+ cells were automated using the Image-based Tool 

for Counting Nuclei (Centre for Bio-image Informatics, UC Santa Barbara, CA, USA) plugin for 

NIH ImageJ software. 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 & Immunohistochemistry. All data are presented displaying 

mean ± SEM and individual data points. PRISM Software (Prism Software) and MATLAB 

(Mathworks, Natick, MA, USA), were utilized to conduct statistical analyses and significance 

was set at p < 0.05. Behavioural outcomes were evaluated using two-way repeated measures 
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ANOVAs were utilized to compare the effects of time (baseline, 30 day, 30-day post diet) and 

treatment group (control, ChABC) on performance across all animals. Given that the groups 

were expected to perform similarly on measures at baseline, we determined a priori to utilize 

one-sample t-tests against chance performance at the 30-day timepoint in the oddity preference 

task and crossmodal object recognition test. Such comparisons are frequently used in behavioural 

experiments to compare whether group performance differs from chance (Gervais et al., 2016; 

Jacklin et al., 2016). Otherwise, multiple comparison with Bonferroni’s correction were only 

included where significant main effects were detected in an ANOVA. Two exclusion criteria 

were included: in the crossmodal task animals that did not explore each of the objects for a 

minimum of 3-seconds were excluded, and in the oddity task, animals that did not exceed 8s total 

exploration time were excluded from the analysis. The immunohistochemistry data was all 

generated from a single time point (30-days after the dietary trigger was withdrawn). Unpaired t-

tests were utilized to compare between control and ChABC groups. Simple linear regressions 

were also included to compare animals’ behavioural performance with immunohistochemical 

measures.  

Wide Field Optical Imaging. Widefield optical fluorescence imaging was performed to measure 

cortical changes intracellular calcium as an indicator of neural activity. Calcium fluorescence 

data was collected from 12-bit images captured on a Teledyne DALSA (Waterloo, ON, Canada) 

1M60 CCD camera and EPIX EL1 frame grabber with XCAP 3.8 imaging software (EPIX, Inc., 

Buffalo Grove IL). GCaMP6s was excited using a blue LED (Thor Labs (Newton, New Jersey, 

USA) M470L5) with an excitation filter (Thor Labs (Newton, New Jersey, USA) FB470-10). 

Images were captured with a macroscope composed of front-to-front lenses (10 mm x 10 mm 
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field of view) and calcium fluorescence was filtered using a Semrock (New York, NY, USA) 

Brightline FF01-525/30-25 green light emission filter housed in a 3D printed filter housing.  

Spontaneous and Evoked Activity. Recordings of spontaneous and evoked activity were 

conducted in awake mice, head fixed on a treadmill. Animals were habituated to the apparatus 

twice, daily for 7 days prior to the baseline imaging session and 1-month imaging time point. 

Each animal underwent two imaging session: a baseline session after their surgical preparation 

and viral injection (with at least 10 days of recovery time and habituation to the imaging 

apparatus) but prior to change in diet administration (control or doxycycline), and a second 

imaging session after 30 days of ChABC expression. Spontaneous activity was recorded at 30 Hz 

for a total of 20 minutes. To 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 ~0.5 

mm. For auditory-evoked activity recordings, data was collected at 30 Hz sampling rate. 

Auditory-evoked recordings consisted of 10s trials that were initiated every 20s, with the 

stimulus delivered 3s into each trial. Trials and stimulation were initiated using a signal from a 

Cambridge Electronic 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). A 5 ms auditory stimulation was delivered 

using a broad-spectrum auditory signal from a computer speaker. 

Data Analysis. Spontaneous recordings were subjected to bandpass filtering between 0.05-15 Hz, 

for the initial power spectrum analysis, or 0.5-5 Hz for all subsequent analyses. Areas outside 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 recording, ∆F/F˳ was 

calculated to determine relative changes in fluorescence. Regions of interest were designated by 
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5x5 pixel boxes with coordinates based on the Allen Mouse Brain Atlas. As our manipulation 

was bilateral, we expected the hemispheres to have similar values. To confirm this, we compared 

root mean square (RMS) values from both hemispheres for each condition using a two-way 

ANOVA with Bonferroni’s Test to correct for multiple comparisons. There were no significant 

differences between ROIs. As such, we averaged left and right hemisphere RMS values together.  

Seed pixel Correlation Maps. For 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 for the RSC at 4% of the brain area in the field 

of view. We then used that same threshold for the 30-day recordings for each mouse to 

determine percent area change in their seed pixel map. To confirm these effects were not specific 

to the threshold chosen we utilized one additional less-restrictive threshold of 10% to evaluate 

whether similar trends were observed in the data. 

Statistical Analyses of Optical Imaging. For power spectrum analyses, we conducted a Wilcoxon 

rank-sum test for control and treatment groups between the frequency ranges of 0.1-1 Hz and 

1.0-5.0 Hz. Standard deviations and correlations for spontaneous activity were calculated as 

relative change from the baseline to 1-month time point and probed with two-way ANOVAs 

with Bonferroni correction for multiple comparisons. Data from seed pixel maps and area under 

the curve calculations were compared with two-way repeated measures ANOVAs with 

Bonferroni multiple comparisons corrections. Amplitude and peak delay of auditory evoked 

responses were compared with paired t-tests of baseline and 1-month data for each condition. 

Results 
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Animal Data. We evaluated animals’ total weight and weight change over the course of the 

experiment. Weight change is reported 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; Dox: M=2.716g ± 0.326) over the course of the 30-day diet 

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

condition (t(63) = 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 over the total 

course of the experiment (Control: M = 3.382g ± 0.249; Dox: M = 3.326 ± 0.301) but there was 

no significant difference in weight change (t(63) = 0.146, p = 0.884). 

Open Field Assessments. To determine whether dox-i-ChABC treatment at either site might alter 

gross motor activity, we first tested animals’ exploratory behaviour in an open-field arena 

(Figure 1A). Additionally, to evaluate whether PNN degradation had any effects on anxiety, we 

designed a basic assessment of animals’ preference to remain in the perimeter area of an arena 

(Seibenhener & Wooten, 2015). Our measures of these constructs included total distance 

travelled and percentage of the time spent in the perimeter of the arena. A repeated-measures 

ANOVA on total distance travelled (Figure 1B, top left) revealed a significant main effect of 

time (F(2, 70) = 5.295, p = 0.008) but no main effect of treatment and a non-significant interaction 

between time and treatment (Treatment: F(1, 35) = 1.978, p = 0.168; Interaction: F(2, 70) = 0.058, p 

= 0.9430). Post-hoc comparisons showed that control animals had a significant decrease in 

distance travelled from baseline to 60-days (t(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 exposure to the task over the course of the experiment. As a 

measure of anxiety, we compared the two groups preference to stay in the ‘exterior’ zone of the 
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arena (near walls and corners) rather than to explore the interior of the arena (Figure 1B, bottom 

left). In this case, a two-way repeated measures ANOVA showed no main effects of time (F(2, 70) 

= 0.233, p = 0.756), treatment (F(1, 35) = 0.270, p = 0.566), and no significant interaction (F(2, 70) = 

1.439, p = 0.244). These outcomes suggest that ChABC treatment within the mPFC had no 

impact on anxiety-related behaviours in the open field arena.  

The same measures were performed in animals in the RSC cohort. First, we evaluated 

total distance travelled (Figure 1B, top right) with a repeated measures ANOVA that showed a 

main effect of time (F(2, 64) = 5.409, p = 0.009), but no main effect treatment (F(1, 32) = 1.587, p = 

0.217), and no interaction between the two (F(2, 64) = 0.783, p = 0.461). Post-hoc comparisons 

between time points did not reveal any significant differences between time points in either of 

the groups. We then assessed animal’s preference to explore the exterior more than the interior of 

the arena (Figure 1B, bottom right) as a basic test for anxiety. A repeated measures ANOVA 

showed a main effect of time (F(2, 64) = 8.022, p = 0.001). Post-hoc comparisons revealed that in 

ChABC treated animals, there was a significant increase from baseline to 60 days (t(16)=4.623, p 

< 0.001). There was no main effect of treatment (F(1, 32) = 0.121, p = 0.731) and no interaction 

between time and treatment (F(2, 64) = 2.413, p = 0.098). These results suggest that after PNN 

degradation in the RSC and an additional 30 days without ChABC expression, anxiety-like 

behaviours in the open field arena increased.  

Oddity Object Recognition. Our first test of working memory assessed whether PNN degradation 

impaired animals’ ability to perceive and maintain representations of odd stimuli in their 

environment (Figure 2A). This test evaluates the preference for an ‘odd’ object among other 

objects that are identical to each other (Bartko 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 the mPFC (Paylor et al., 2018).  

For this task, we measured total exploration time and oddity preference as a percentage. 

We first analyzed total exploration times for all four objects among for the mPFC cohort (Figure 

2B, top left). A repeated measures ANOVA revealed a significant main effect of time (F(2, 58) = 

7.336, p = 0.002), but post-hoc comparisons did not reveal any significant differences between 

time points for either control or ChABC animals. There was no main effect of treatment (F(1, 29) = 

0.820, p = 0.3735) and no interaction between time and treatment (F(2, 58) = 2.651, p = 0.079) on 

total exploration time. We then compared the animal’s preference for the odd object (Figure 2B, 

bottom left). A two-way repeated measures ANOVA showed no main effect of time (F(2, 58) = 

1.963, p = 0.150), no main effect of treatment (F(1, 29) = 3.176, p = 0.085), and no interaction 

between time and treatment (F(2, 58) = 1.699, p = 0.191). A probe of the 30-day time point with a 

one sample t-test against chance showed that both control and ChABC animals performed 

significantly better than chance performance (CTRL: t(21) = 5.630, p < 0.0001; ChABC: t(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 

medial prefrontal, although our prior study used rats rather than mice (Paylor et al., 2018). 

We also analyzed animals with ChABC expression within the RSC on the oddity object 

preference task. An evaluation of total exploration times of all four objects (Figure 2B, top right) 

with a repeated measures ANOVA revealed no main effect of time (F(2, 52) = 0.538, p = 0.583) or 

treatment (F(1, 26) = 0.559, p = 0.461) on total exploration time, but we did observe a significant 

interaction between time and treatment (F(2, 52) = 4.519, p = 0.015). Post-hoc comparisons 

revealed a significant increase in total exploration time for ChABC animals compared to controls 
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at the 30-day time point (t(26)=2.684, p = 0.042). This suggests that PNN degradation within the 

RSC may alter exploratory behaviour in this task. Next, we evaluated animals’ preference for the 

odd object (Figure 2B, bottom right). A repeated measures ANOVA revealed a significant main 

effect of time (F(2, 52) = 5.254, p = 0.015), but no main effect of treatment (F(1, 26) = 2.813, p = 

0.105), and no interaction between time and treatment (F(2, 52) = 3.065, p = 0.055). Post-hoc 

comparisons showed that control animals had a significant increase in oddity preference from 

baseline to 30 days (t(13) = 3.325, p = 0.010), whereas preference for the odd object in ChABC 

treated animals was not significantly greater at 30 days. We also probed the 30-day time point 

with one sample t-tests, which showed that both control and ChABC animals performed 

significantly better than chance performance (CTRL: t(13) = 10.90, p < 0.0001; ChABC: t(13) = 

4.610, p < 0.001). 

Spontaneous alternation. The second test we utilized to assess working memory performance 

after PNN degradation was a spontaneous alternation test. This test relies on animals’ tendency 

to explore new environments. This is readily demonstrated in a Y-maze arena (Figure 3A), where 

animals exiting one of the three open arms will typically choose the less recently explored arm 

over the previous arm (d’Isa et al., 2021). 

We assessed two primary outcomes from this test, both total arm entries and spontaneous 

alternation expressed as a percentage of total visits. First, to evaluate animals’ exploratory 

activity we tested the total number of arm entries for animals with the mPFC cohort (Figure 3B, 

top left). This was reflected in a two-way repeated measures ANOVA that showed a significant 

main effect of time (F(2, 52) = 8.970, p = 0.001) on total number of arm entries. Post-hoc 

comparisons showed significant decreases in total arm entries for control animals at both 30 days 

and 60 days compared to baseline (30D: t(22) = 2.445, p = 0.046; 60D: t(22) = 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 60D. There was no main effect of treatment (F(1, 26) = 0.086, p = 0.772) and no 

significant interaction of time and treatment on total arm entries (F(2, 52) = 0.294, p = 0.747). 

Next, we evaluated differences in spontaneous alternation behaviour (Figure 3B, bottom left). A 

repeated measures ANOVA showed no main effect of time (F(2, 50) = 2.545, p = 0.092) or 

treatment (F(1, 25) = 0.263, p = 0.613), and no interaction between time and treatment (F(2, 50) = 

1.508, p = 0.231). Thus, PNN degradation within the mPFC had minimal impact on spontaneous 

alternation behaviour.  

We next evaluated the same outcomes but for animals that had PNN degradation within 

the RSC. Again, total 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 (F(2, 64) = 8.242, p = 0.001), but no main effect of treatment (F(1, 32) = 0.002, p = 0.958), and 

no interaction between the two (F(2, 64) = 0.236, p = 0.791). Post-hoc comparisons that in both 

control and ChABC animals, total arm entries decreased significantly from baseline to the 60-

day time point (CTRL: t(16) = 3.047, p = 0.015; ChABC: t(16) = 3.711, p = 0.004).We then 

compared animal’s percentage of spontaneous alternation (Figure 3B, bottom right). Both groups 

of animals exhibited a slight increase in spontaneous alternations across the course of the 

experiment. This was reflected in a two-way repeated measures ANOVA, which showed a main 

effect of time (F(2, 64) = 4.890, p = 0.012) on spontaneous alternation, although post-hoc 

comparisons showed no differences between time points for either group. There was no main 

effect of treatment (F(1, 32) = 0.987, p = 0.328) and no interaction (F(2, 64) = 2.389, p = 0.100). 

Thus, PNN degradation within the RSC has no clear impact on spontaneous alternation 

behaviours.  
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Cross-modal Object Recognition. Our last test of working memory utilized the cross-modal 

object recognition task (Figure 4A). This specialized version of the novel object recognition 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 function of the PFC 

(Ballendine et al., 2015; Winters & Reid, 2010). Previous data from our laboratory has 

demonstrated an impairment in this task after direct infusion of ChABC into the mPFC (Paylor et 

al., 2018). More recent evidence also indicates that the function of the RSC may contribute to 

this task as well (Gray et al., 2023; Hindley et al., 2014). Data below is included for testing in 

each of the three tests in the order that they were assessed (tactile, visual, crossmodal). 

Tactile Object Recognition. In 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 control and 

ChABC animals from the mPFC cohort (Table 1). A repeated measures ANOVA on time and 

treatment showed no main effect of time (F(2, 42) = 1.01, p = 0.367), treatment (F(1, 21) = 0.265, p 

= 0.612) and no interaction between time and treatment (F(2, 42) = 0.253, p = 0.778) on tactile 

exploration. We next evaluated discrimination ratios for the tactile object recognition component 

of the task (Figure 4B, top left). A repeated measures ANOVA on time and treatment revealed 

no significant main effect of time (F(2, 42) = 0.167, p = 0.838), treatment (F(1, 21) = 0.079, p = 

0.780), and no interaction between the two (F(2, 42) = 0.004, p = 0.996). A one-sample t-test 

indicated that both control and ChABC groups performed significantly better than chance at 

discriminating the novel object (CTRL: t(18)=3.596, p = 0.002; ChABC: t(3)=3.268, p = 0.047). 

These results are consistent with previous work from our laboratory demonstrating that mPFC 

PNN degradation does not impair unimodal tactile object recognition (Paylor et al., 2018).  
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We next evaluated animals from the RSC group on their tactile object recognition. First, 

we compared mean exploration times for two groups with a repeated measures ANOVA on time 

and treatment (shown Table 1). There was main effect of time (F(2, 52) = 10.75, p < 0.001) on 

mean exploration time, but no main effect of treatment (F(1, 26) = 1.314, p = 0.262) and no 

interaction between the two (F(2, 52) = 1.875, p = 0.163). Post-hoc comparisons showed a 

significant difference in control animals between baseline and both the 30-day and 60-day time 

points (30D: t(12) = 5.011, p < 0.001; 60D, t(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 animals. Next, we evaluated discrimination ratios for the tactile object recognition 

phase of the test (Figure 4B, top right). There was no significant main effect of time (F(2, 52) = 

0.400, p = 0.670) or treatment (F(1, 26) = 0.607, p = 0.443), and no interaction between time and 

treatment on tactile discrimination ratios (F(2, 52) = 0.588, p = 0.559). A one-sample t-tests 

indicated that both control and ChABC groups performed significantly better than chance at 

discriminating the novel object (CTRL: t(12)=5.812, p < 0.001; ChABC: t(14)=3.846, p = 0.002). 

This suggests that PNN degradation targeted to the RSC is not sufficient to impair performance 

on this unimodal, tactile object recognition task.  

Visual Object Recognition. In the visual phase of the task, animals can 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 animals in the 

mPFC cohort (all crossmodal task exploration times are shown in Table 1). A repeated-measures 

ANOVA on time and treatment group revealed a significant main effect of time (F(2, 66) = 4.434, 

p = 0.017), but no main effect of treatment (F(1, 33) = 0.295, p = 0.590) and no interaction 
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between the two (F(2, 66) = 0.478, p = 0.621). Over the course of the experiment, both groups 

mean exploration times were reduced, but post-hoc comparisons revealed no significant 

differences between time points for either group. Next to test animal’s unimodal, visual object 

recognition, we compared discrimination ratios for the novel object in the visual testing phase for 

the mPFC cohort (Figure 4B, middle left). A repeated measures ANOVA with time and 

treatment group as variables revealed no significant main effect of time (F(2, 66) = 1.988, p = 

0.146), treatment (F(1, 33) = 0.174, p = 0.678), and no significant interaction between time and 

treatment (F(2, 66) = 0.751, p = 0.470). We probed the 30-day time point with one-sample t-tests 

showed that both control and treatment groups performed significantly better than chance at 

discriminating for the novel object (CTRL: t(20) = 5.445, p < 0.001; ChABC: t(13)= 2.893, p = 

0.013). These results are consistent with ones from previous work in our lab demonstrating that 

mPFC PNN digestion does not impair performance on this unimodal, visual object recognition 

component of the task (Paylor et al., 2018).  

Next, we compared visual exploration times for animals the retrosplenial group (shown 

Table 1). A repeated measures ANOVA revealed a significant main effect of time (F(2, 58) = 

6.020, p = 0.007) and treatment (F(1, 29) = 4.78, p = 0.037). There was no significant interaction 

between time and treatment on mean exploration time (F(2, 58) = 0.180, p = 0.836).  Post-hoc 

comparisons revealed that in ChABC animals, there was a significant increase in exploration 

times from baseline to 30 days (t(16) = 2.563, p = 0.042) but there were no significant differences 

between treatment groups at any time point. We then evaluated animal’s visual discrimination 

ratios during this phase of the test (Figure 4B, middle right). A repeated measures ANOVA on 

time and treatment showed no main effect of time (F(2, 58) = 0.051, p = 0.944) or treatment (F(1, 29) 

= 0.025, p = 0.874), and no interaction between time and treatment (F(2, 58) = 0.04, p = 0.960) on 
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visual discrimination ratios for the RSC group. We probed the 30-day time point with one-

sample t-tests which showed that both control and ChABC groups performed significantly better 

than chance at discriminating for the novel object (CTRL: t(14)=5.133, p < 0.001; ChABC: 

t(16)=3.943, p = 0.001).These outcomes indicate that PNN disruption within the RSC is not 

sufficient to disrupt unimodal visual object recognition. However, 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 Recognition. First, we compare total exploration times for animals from the 

mPFC group (Table 1). A two-way ANOVA on time and treatment group revealed a significant 

main effect of time (F(2, 62) = 14.70, p < 0.0001) and a significant main effect of treatment group 

(F(1, 31) = 8.06, p = 0.008). There was no interaction between time and treatment group (F(2, 62) = 

0.33, p = 0.720). While there were no differences between treatment groups at any time point, 

post-hoc comparisons did show that both control and ChABC animals had significant decreases 

in exploration time from baseline to 60 days (CTRL: t(18) = 4.018, p = 0.002; ChABC: t(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 recognition performance (Figure 4B, 

bottom left). A comparison of animal’s discrimination ratios with a two-way repeated measures 

ANOVA showed a significant main effect of treatment group (F(1, 31) = 4.622, p = 0.040), though 

ChABC animals had lower discrimination ratios at each of the three time points (including 

baseline). There was no significant main effect of time (F(1, 31) = 0.125, p = 0.8737) and no 

significant interaction between time and treatment (F(2, 62) = 0.567, p = 0.570). Post-hoc 

comparisons between treatment groups at each time point did not reveal any significant 
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differences. We probed the 30-day time point with one-sample t-tests against chance, which 

confirmed that neither control or ChABC animals performed better than chance (CTRL: 

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 poorly at all time points.  

Next, we compared total exploration times for animals in the RSC group. A two-way 

ANOVA on time and treatment group revealed a significant main effect of time (F(2, 58) = 12.08, 

p < 0.001) and a significant main effect of treatment (F(1, 29) = 4.98, p = 0.034). There was no 

significant interaction between time and treatment on exploration times (F(2, 58) = 1.11, p = 

0.336). While post-hoc comparisons did not reveal any significant differences between the 

groups at any of the three time points, both control and ChABC animals had increased 

exploration times after 30 days (CTRL: t(15) = 3.634, p = 0.005; ChABC: t(16) = 3.477, p = 0.007). 

The similarities here suggest that there might have been testing effects between sessions, which 

could be the result of repeated exposure to the testing arena or other factors that changed 

between sessions such as age. We next compared discrimination ratios for the RSC group 

(Figure 4B, bottom right). A two-way ANOVA on time and treatment group revealed no 

significant main effect of time (F(2, 58) = 1.046, p = 0.356), treatment (F(1, 29) = 2.092, p = 0.159), 

and no interaction between time and treatment group (F(2, 58) = 0.911, p = 0.408) on animal’s 

discrimination ratios. However, one-sample t-tests at 30 days suggest that ChABC animals’ 

performance did not differ from chance performance (t(14)= 0.382, p = 0.708), whereas control 

animals were significantly better than chance at discriminating the novel object (t(15)=2.823, p = 

0.013). 

PNN Degradation and Behavioural Correlations. To assess the effectiveness of our dox-i-

ChABC expression system to degrade PNNs, we stained animals’ tissue with chondroitin-4-
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sulfate (C4S), which labels the cleaved components of perineuronal nets after ChABC treatment, 

and with wisteria floribunda agglutinin (WFA), which is a widely utilized label for PNNs. We 

also labelled for parvalbumin-positive (PV+) inhibitory interneurons, which are closely 

associated with PNNs and present correlations of PNN counts and PV+ counts with certain 

behavioural outcomes. All staining measures are reflective of animal’s tissue at the 60-day time 

point, after the full dietary regiment and behavioural testing was complete.  

Findings from the mPFC cohort are shown in Figure 5. We observed an increase of 

50.3% overall in the mean brightness of C4S labeling for the ChABC treatment group relative to 

control animals (t(32) = 3.615, p = 0.001). As expected, we observed the opposite effect with 

number of PNNs, with a decrease of 27.2% in ChABC treated animals (t(29) = 2.891, p = 0.007). 

There was no change in the number of PV+ interneurons (t(22) = 0.244, p = 0.809). It is worth 

nothing that in the Dox-Virus+ control group, which received dox-i-ChABC injections but no 

doxycycline diet administration, there was still a faint but noticeable expression pattern of C4S 

near the injection site. This is likely due to some ‘leakage’ of ChABC expression which was 

noted in the original description of dox-i-ChABC (Burnside et al., 2018). A 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 between behavioural outcomes and PNNs or PV+ interneurons. 

Linear regressions showed a positive relationship between crossmodal object recognition 

performance and PV+ counts, where performance increased with higher PV+ levels in the 

mPFC, but this effect was not significant. There was no relationship between PNN counts and 

performance on the crossmodal task (PNN: R2 = 0.008, p = 0.653; PV+: R2 = 0.218, p = 0.051). 

PNNs or PV+ interneurons within the mPFC did not have show any significant relationship with 
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performance on the oddity task (PNN: R2 = 0.044, p = 0.351; PV+: R2 = 0.019, p = 0.621). The 

lack of a relationship between PNN counts and oddity preference contrasts previous work from 

our lab which demonstrated a relationship between the two after targeted ChABC infusions into 

the mPFC in 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 difference might also be attributable to   differences.   

In the RSC, our immunostaining (Figure 6) showed that ChABC expression similarly 

resulted in a 43.5% increase in C4S labeling at the target area (t(28) = 2.263, p = 0.032). These 

was also a 28.8% decrease in PNN counts within the RSC (t(26)=5.749, p < 0.001). We also 

evaluated the presence of PV+ interneurons, which were significantly decreased (56.6%) in the 

RSC of the ChABC group (t(19) = 3.420, p = 0.003). These results confirm the efficacy of dox-i-

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 visually inspected adjacent cortical 

areas and slices to confirm the targeting of our injections. Next, we considered correlations 

between behavioural performance on immunolabeling for the retrosplenial cohort. There was no 

significant relationship between crossmodal performance and either of PNN counts or PV+ 

interneurons (PNN: R2 = 0.022, p = 0.467; PV+: R2 = 0.095, p = 0.186). Similarly, there was no 

relationship between PNN counts or PV+ interneurons and oddity performance (PNN: R2 = 

0.133, p = 0.073; PV+: R2 = 0.002, p = 0.844. 

Inflammatory Markers. As the dox-i-ChABC vector is supposed to be immune-inert, we also 

evaluated two 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 either cortical site. Within the mPFC 

(Figure 7) a comparison of IBA1+ staining intensity did not reveal any significant differences 

between ChABC and control animals (t(30) = 0.134, p = 0.124). A closer inspection of IBA1+ 

positive microglia in both treatment groups also appeared to show similar morphology. There 

were also no observable differences in GFAP labeling (t(26)=1.216, p = 0.540). Similarly, in the 

RSC group (Figure 8) we did not detect any significant changes in IBA1+ cell counts 

(t(25)=1.473, p = 0.337), and IBA1+ microglia appeared to show similarly ramified, 

morphological states on visual inspection. A comparison of GFAP mean brightness in the RSC 

did not reveal a significant change between the two groups (t(25) = 1.869, p = 0.079). These 

results indicate that our ChABC expression system did not result in ongoing inflammatory 

activity.  

Spontaneous Activity. First, we conducted a power spectrum analysis of activity from the RSC 

for control and treatment groups (Figure 9B). We looked specifically at two frequency bands: 

0.1-1.0 Hz and 1.0-5.0 Hz. A Wilcoxon rank-sum test showed that ChABC animals had 

decreased power from baseline within the slow wave frequency range (0.1-1.0 Hz), z = 5.39, p < 

0.001 with a medium effect size (r = 0.34) and in the delta frequency range (1.0-5.0 Hz), z = 

2.19, p = 0.028 with a small effect size (r = 0.08). In comparison, control animals had similar 

power values in the slow wave frequency range (z = 0.72, 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 evaluated RMS values as a measure of 

changes in activity over the time course of spontaneous activity (Figure 9C). We compared 

change in RMS from baseline to the 1-month time point for both groups. A repeated measures 
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ANOVA of treatment group and cortical area revealed a main effect of cortical area (F(17, 144) = 

1.865, p = 0.026) but no main effect of ChABC (F(1, 144) = 1.647, p = 0.202) and no interaction 

between the two (F(17, 144) = 0.769, p = 0.727). Post-hoc comparisons did not reveal any 

significant differences between control and ChABC treated animals in any of the ROIs.  

Correlations Between RSC & Other Cortical Areas. To 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 change in correlated activity between the RSC and ipsilateral 

cortical areas (Figure 10A, bottom), where a two-way ANOVA showed no significant main 

effect of cortical area (F(15, 128) = 1.656, p = 0.068), treatment (F(1, 128) = 2.260, p = 0.135) and no 

interaction (F(15, 128) = 0.650, p = 0.829). Comparing changes in correlated activity between the 

RSC and contralateral areas (Figure 10B, bottom) showed a main effect of cortical area (F(15, 128) 

= 2.050, p = 0.014), but no main effect of treatment (F(1, 128) = 0.283, p = 0.595) and no 

interaction between area and treatment (F(15, 128) = 0.92, p = 0.545). These results suggest that 

PNN degradation within the RSC did not result in significant changes in interconnectivity 

between cortical areas.  

Seed Pixel Analysis. To evaluate common activation with the RSC, we conducted a seed pixel 

analysis by calculating correlation coefficients between the region of interest pixel and every 

other brain pixel in the field of view. A two-way 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) = 2.370, p = 0.163), treatment (F(1, 8) = 0.40, p = 0.544), and no interaction 

between the two (F(1, 8) = 0.15, p = 0.709). To further corroborate these results and confirm the 

effect was not specific to the threshold chosen, we tested a less restrictive threshold for 

establishing a retrosplenial seed pixel (Figure 11B, right). Here, a two-way repeated measures 
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ANOVA revealed a main effect of time (F(1, 8) = 6.180, p = 0.038), but no main effect of 

treatment (F(1, 8) = 0.020, p = 0.885) and no interaction (F(1, 8) = 0.060, p = 0.807). Post-hoc 

comparisons at between time points of either group did not reveal significant differences.   

Auditory-Evoked Activity. We evaluated sensory-evoked activity after presentation of an auditory 

stimulus to evaluate whether PNN degradation might alter sensory processing. First, we analyzed 

the time-course of activation (Figure 12A) in the auditory cortex of the contralateral hemisphere 

by assessing peak response amplitude and peak response delay. We utilized paired t-tests to 

compare each condition from baseline to 1-month. Neither control or ChABC groups showed 

significant changes between the two time points on peak amplitude (Figure 12B, top; CTRL: 

t(4)=0.061, p = 0.953; DOX: t(5)=0.258, p = 0.807) or peak delay (Figure 12B, middle; CTRL: 

t(4)=0.466, p = 0.666; DOX: t(5)=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). A two-way repeated measures 

ANOVA for the contralateral hemisphere showed no main effect of time (F(1, 9) = 0.030, p = 

0.868) or treatment (F(1, 9) = 0.000, p = 0.949), and no interaction between the two (F(1, 9) = 

0.000, p = 0.973). These results indicate that PNN degradation within the RSC did not 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 using viral vectors 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 final 60-day time point, 30 days after 

ChABC had been withdrawn. Only in the RSC degradation group did we detect any cognitive 

changes, with a moderate deficit after 30 days of ChABC expression on the crossmodal object 

recognition. These moderate deficits are somewhat surprising given the role of the RSC in 

cognition and immunohistological data that confirmed that our dox-i-ChABC viral vector for 

ChABC expression was effective at reducing PNNs and showed a decrease in PV+ interneurons 

the RSC after ChABC expression. Furthermore, we showed using wide-field optical imaging of 

calcium fluorescence that PNN degradation within the RSC decreased the 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 or RSC had no 

impact on locomotor or exploratory activity within the open field. Despite the well-described 

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 field behaviour 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 the task (Cooper & Mizumori, 1999). A 

consensus is that the RSC is involved in more complex aspects of spatial cognition (Alexander et 

al., 2023; Miller et al., 2014; Mitchell et al., 2018). Spatial tasks such as those that involve 

spatial memory, allocentric cue processing or cue-switching, and object location memory have 

all been shown to be impaired by RSC manipulations (Chen et al., 1994; Pothuizen et al., 2008, 

2010). Another example can be drawn from spatial alternation tasks, where simpler forms of the 

task do not appear sensitive to manipulations of the RSC, but more complex ones which involve 

additional conditions placed on the task do (Pothuizen et al., 2008). Previous 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 alternation (Favuzzi et al., 2017; Montag-Sallaz & 

Montag, 2003; Stamenkovic et al., 2017). However, these knockouts result in far more global 

deficits in the formation of the PNNs throughout 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 perimeter of the arena in animals treated with ChABC at the 60-day time 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 compounds within the open field 

assessment utilized here fail to produce predictable results and it is considered best suited for 

only locomotor and exploratory assessments (Himanshu et al., 2020; Prut & Belzung, 2003).  

In the RSC cohort, ChABC animals were unable to perform the crossmodal object 

recognition task at above chance levels after 30 days of ChABC treatment (whereas controls 

were significantly better than chance). However, 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 performance 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 PV+ cells decrease and this decline in PNNs is correlated with poorer performance 

in object recognition tasks (Gray et al., 2023). Together, these results indicate that the RSC could 

have a role in working memory beyond just its well-described role in spatial working memory. 

Interestingly, lesions of the RSC do not affect performance on standard versions of the 
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spontaneous object recognition task (Ennaceur et al., 1997; 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 the cross-modal 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 of the 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 integrated. In the 

crossmodal task, that process is challenged during the crossmodal phase of the test, which 

requires visual-tactile integration about the features of an object for successful object 

recognition. Typically, the RSC has thought to play a role in location-based contributions to 

feature binding, such as is demonstrated in the object-in-place task, though the present data 

suggests that it’s role could be less restricted than previously thought (Aggleton & Nelson, 2020; 

Vann & Aggleton, 2002) . Further examination of the role of PNN degradation within the RSC in 

other tasks that depend 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. While 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 

structures (Kobayashi & Amaral, 2003; Mitchell et al., 2018). Notable among this network is 

connections with areas involved in object recognition and working memory. The RSC is known 

to share strong reciprocal communication with the parahippocampal region. This region of the 



169 
 

 

brain, particularly the perirhinal cortex, have shown to have a clear involvement in the 

crossmodal object recognition task (Inhoff & 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 recognition (Amedi 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 impairment observed 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 spatial navigation 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 present study 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 significant loss of PV+ interneurons 

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 not result 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 the due 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., 2014). Other studies have 

demonstrated that ChABC treatment can reduce PV protein and mRNA expression within PV+ 

cells, making them more difficult to identify (Yamada et al., 2015). In addition to affecting PV+ 

cell integrity, numerous studies have demonstrated that PNN degradation can have consequences 

for the activity of PV+ cells. Common findings are that PNN degradation decreases the ability of 

fast-spiking PV interneurons to maintain high frequency activity and can increase spiking 

variability (Christensen et al., 2021; Favuzzi et al., 2017; Lensjø et al., 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 within this relationship, 

where degradation can alter gamma oscillatory activity (Faini et al., 2018; Steullet et al., 2014). 

These studies demonstrate that PNN 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 processes (Gray & Singer, 1989; 

Honkanen et al., 2015; Tallon-Baudry & 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 be mediated 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 

(Cayco-Gajic & 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 neurons while 

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 inputs (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., 2018). Other studies have shown that the role of PV+ interneurons in 

discriminating different stimuli is not restricted to visual processing. PV+ suppression 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 animals (Deng et al., 2019). These 

studies demonstrate across multiple modalities that PV+ interneuron activity is important in the 

discrimination between stimuli. In 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 encoding (Wingert & 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 environment (Christensen et al., 2021). Thus, 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. Further study 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 degradation 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 PNN disruption 
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via direct infusion of ChABC can impair both oddity object preference and crossmodal object 

recognition in rats (Paylor et al., 2018). Our results from the crossmodal object recognition task 

are difficult to interpret given that ChABC animals performed poorly at the task across all three 

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, and 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 in other test paradigms that evaluate of working memory (Anderson et al., 

2020; Benoit et al., 2020; Dexter et al., 2022; Horst & Laubach, 2009; Liu et al., 2014; Yang et 

al., 2014). However, it’s specific involvement in the crossmodal object recognition task is still 

not clear. In contrast to Paylor et al (2018), a previous lesion study indicated that damage to the 

mPFC alone are not sufficient to impair crossmodal object recognition (Reid et al., 2014). 

Further study is required to better evaluate the relationship 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 preference (Paylor et al., 2018). Moreover, PNN counts within 

the mPFC were predictive 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 utilized rats rather 

than mice. Mice are typically considered to display lower performance than rats in tests of 

cognition and their performance is more subject to non-cognitive factors such as stress and 

anxiety (Colacicco et al., 2002; Ellenbroek & Youn, 2016; Whishaw & Tomie, 1996). Mice also 
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respond differentially to common practices in rat studies such as pre-experimental handling and 

habituation, which can actually enhance stress and impact behavioural performance (Meijer 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 the mice utilized 

here, can also have an impact on behavioural performance and should be carefully considered 

when being used for behavioural experiments (Brooks 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 previously evaluated 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 observable impact 

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 activity in the brain. We did however note 

decreased power of slow wave (0.1-1.0 Hz) and delta (1.0-5.0 Hz) frequency activity within the 

RSC after PNN degradation. Due to the close relationship between PNNs and PV+ interneurons, 

research has focused primarily on their impact 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, such as SZ (Hong et al., 

2010; Howells et al., 2018; Mäki-Marttunen et al., 2019). People suffering from SZ have reduced 

task-evoked delta activity and show decreased delta coherence between brain structures when 
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attending to stimuli (Bates et al., 2009; Ford et al., 2002). Treatment with NMDA antagonists, 

such as ketamine or MK-801 have also been shown to decrease delta activity (Hong et al., 2010; 

Hunt et al., 2010; Kiss et al., 2011; Mahdavi et al., 2020). These results pair well with delta 

abnormalities shown in SZ studies, as NMDA antagonists can induce SZ-like symptoms in 

human subjects and are widely utilized in animals to model SZ. NMDAR antagonists can also 

impact parvalbumin expression (Kaushik et al., 2021; Keilhoff et al., 2004; Koh et al., 2016; 

Matuszko et al., 2017; Venturino et al., 2021; Zhou et al., 2015). Thus, in 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 suggests that NMDA hypofunction, particularly 

within PV+ interneuron could have implications for SZ. A more direct link between PV+ cells 

and delta power has also been demonstrated in healthy contexts. Stimulation of inhibitory 

interneurons expressing GAD67+, which all PV+ interneurons express, in the parafacial zone 

can instantly and reliably induce the onset of slow-wave sleep in animals and also increases the 

power of delta frequency activity (Y. 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 rest to locomotion, or vice-

versa, most brain nodes examined increased in correlated activity (West et al., 2022). However, 

during steady states of continuous locomotion, most nodes decreased 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 contexts with appropriate motor outputs (Franco & 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. Particularly in the 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 

The present 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 here were also paralleled by changes 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+ interneurons 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 application 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. Effects of ChABC treatment on open field and anxiety behaviour. (A) 

Representative open field tracking of animal behaviour over the course of a 4- minute trial 

(shown top) and a schematic of zones (shown bottom) utilized for to determine anxiety 

behaviour in animals. (B) Graphs in the left column describe outcomes for animals in the MPFC 

group. A repeated-measures ANOVA on distance travelled (top left) showed a main effect of 

time (F(2, 70) = 5.295, p < 0.01), but no main effect of treatment and no interaction. Post-hoc 

comparisons showed a significant decrease in control animals from baseline to 60 days (t(22) = 

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 the right column show RSC outcomes. Similar to the 

mPFC, we observed a main effect of time (F(2, 64) = 5.409, p < 0.01) although post-hoc 

comparisons showed no differences between any of the time points within groups. There was no 

main effect of treatment and no interaction. In the RSC group, there was a main effect of time on 

time spent in the perimeter F(2, 64) = 8.022, p < 0.01) but no main effect of treatment and no 

interaction. Post-hoc comparisons showed that ChABC had a significant decrease in time spent 

in the perimeter from baseline to 60 days (t(16)=4.623, 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 preference task design. Animals’ preference for 

the ‘odd’ object among three other identical objects is calculated as a percentage of time spent 

exploring the odd object. (B) Graphical representation of animal’s preference for the odd object 

at either site. A repeated-measures ANOVA on mean exploration time (top left) for the mPFC 

showed a main effect of time (F(2, 58) = 7.336, p < 0.01), but no main effect of treatment and no 

interaction. Post-hoc 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 interaction between the two. Exploration times for the RSC group (top right) 

showed an interaction between time and treatment (F(2, 52) = 4.519, p < 0.05) but no main effect 

of time or treatment. Post-hoc comparisons showed that ChABC treated animals explored the 

objects less after 30 days (t(26)=2.684, p < 0.05). An evaluation of oddity preference in the RSC 

group showed a main effect of time (F(2, 52) = 5.254, p < 0.05), but no main effect of treatment 

and no interaction. Post-hoc comparisons showed a significant increase in exploration between 

baseline and 30 days for the control group (t(13) = 3.325, p < 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 Y-maze utilized for the spontaneous 

alternation task (shown top). A heat map (shown bottom) from a representative trial of an animal 

participating in the task. (B) Graphical representation of animal’s outcomes from the 

spontaneous alternation task. The left-column shows data from the mPFC group. A repeated-

measures ANOVA on total arm entries (top left) showed a main effect of time (F(2, 52) = 8.970, p 

< 0.01) but no main effect of treatment and no interaction. Post-hoc comparisons showed that 

control animals had significant decreases in exploration time from baseline to 30 days and 60 

days (30D: t(22) = 2.445, p < 0.05; 60D: t(22) = 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(2, 64) = 8.242, p < 0.01), but no effect of treatment and no interaction. Post-hoc 

comparisons showed that both groups of animals had significant reductions in arm entries from 

baseline to 60 days (CTRL: t(16) = 3.047, p < 0.05; ChABC: t(16) = 3.711, p < 0.01). Spontaneous 

alternation behaviour showed a main effect of time (F(2, 64) = 4.890, p < 0.05) but no main effect 

of treatment and no interaction. Post-hoc comparisons did not show any significant differences 

between time points for either group. Data presented 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 RSC results in a subtle impairment in crossmodal 

object recognition. (A) Schematic representation of the Y-maze 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 objects during both the 

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 light conditions but tested under visual conditions. (B) 

Graphical representation of animal’s outcomes from all three tasks. Data from the mPFC group 

is shown in the left-hand column. A repeated-measures ANOVA on discrimination ratios in the 

visual phase (top left) showed 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 left), there was a 

main effect of treatment (F(1, 31) = 4.622, p < 0.05) but post-hoc comparisons did not show 

significant differences between groups at any of the three time points. One sample t-tests of the 

30-day time point showed that neither control or ChABC animals were able to perform 

significantly better than chance (CTRL: t(18) = 1.783, p = n.s.; DOX: t(13) = 1.106, p = n.s.). Data 

for the RSC group are shown in the right-hand column. A repeated-measures ANOVA showed 

that visual object recognition (top right) had no main effect of treatment, time, and no 

interaction. 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 was no interaction. However, one-

sample t-tests showed that ChABC animals were unable to perform significantly better than 

chance at this task (t(14)= 0.382, p = n.s.), whereas control animals could (t(15)=2.823, p < 0.05). 

Data presented as mean ± SEM; #, p = n.s., one sample t-test against chance performance 

(Legend: CTRL = blue; ChABC = red).  
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Figure 4.5. ChABC treatment degrades PNNs within the mPFC, but PV+ interneurons are 

unaffected.  (A) Representative immunostaining for chondroitin-4-sulfate (top), which labels the 

cleaved components of PNNs, wisteria floribunda agglutinin (middle), which labels intact PNNs, 

and parvalbumin inhibitory interneurons (bottom). The left-hand column shows control (CTRL) 

treated animals and the right ChABC animals. (B) Graphical representative of measurements for 

each stain. ChABC expression resulted in an increase in C4S staining (p < 0.01), and a decrease 

in PNN counts (p < 0.01) within the mPFC. PV+ interneurons were unaltered. (C) Correlations 

between immunostaining and animals’ behavioural performance across all animals. No 

significant relationships were detected between PNNs or PV+ interneurons and crossmodal 

object recognition performance ((PNN: R2 = 0.008, p = 0.653; PV+: R2 = 0.218, p = 0.051). 

Similarly, PNNs and PV+ interneurons had no significant relationship with oddity object 

performance (PNN: R2 = 0.044, p = 0.351; PV+: R2 = 0.019, p = 0.621). Data presented as mean 

± SEM; *, p < 0.05; **, p < 0.01 (Legend: CTRL = blue; ChABC = red). 
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Figure 4.6. After dox-i-ChABC injections in the RSC, doxycycline administration results in 

PNN degradation. (A) Representative immunostaining for chondroitin-4-sulfate (top), which 

labels the cleaved components of PNNs, wisteria floribunda agglutinin (middle), which labels 

intact PNNs, and parvalbumin inhibitory interneurons (bottom). The left-hand column shows 

control (CTRL) treated animals and the right ChABC animals. (B) Graphical representative of 

measurements for each stain. ChABC expression resulted in an increase in C4S staining (p < 

0.05), and a decrease in PNN counts (p < 0.001) within the mPFC. PV+ interneurons were also 

reduced in ChABC group (p < 0.01). (C) Correlations between immunostaining and animals’ 

behavioural performance. No significant relationships were detected between either of PNNs or 

PV+ interneurons and crossmodal object recognition performance (PNN: R2 = 0.022, p = 0.467; 

PV+: R2 = 0.095, p = 0.186). Similarly, there was no relationship between PNNs or PV+ 

interneurons and oddity object preference (PNN: R2 = 0.133, p = 0.073; PV+: R2 = 0.002, p = 

0.844). Data presented as mean ± SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.001 (Legend: CTRL 

= blue; ChABC = red). 
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Figure 4.7. ChABC expression via dox-i-ChABC injections into the mPFC does not result 

in overt inflammation. (A) Representative immunostaining for IBA1 (top), which labels 

microglia, and GFAP (bottom), which labels astrocytes. The left side images show control 

(CTRL) treated animals and the right ChABC animals. (B) Graphical representation of 

measurements for each stain. ChABC did not result in any change in IBA1+ cell counts (top) or 

GFAP mean brightness (bottom). Data presented as mean ± SEM (Legend: CTRL = blue; DOX 

= red). 
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Figure 4.8. ChABC expression via dox-i-ChABC injections into the RSC does not result in 

overt inflammation. (A) Representative immunostaining for IBA1 (top), which labels 

microglia, and GFAP (bottom), which labels astrocytes. The left side images show control 

(CTRL) treated animals and the right ChABC animals. (B) Graphical representation of 

measurements for each stain. ChABC expression did not result in any change in IBA1+ cell 

counts (top) or GFAP mean brightness (bottom). Data presented as mean ± SEM (Legend: CTRL 

= blue; ChABC = red; Regions: AC = Anterior Cingulate; CG = Cingulate; M1 = Primary 

Motor; M2 = Secondary Motor; FL  = Forelimb; HL = Hindlimb; BC = Barrel Cortex; TR = 

Trunk Region; MO = Mouth Region; NO = Nose Region; S2 = Secondary Somatosensory; PTAa 

= Parietal Association Area A; PTAb = Parietal Association Area B; RS = Retrosplenial; V1  = 

Primary Visual; AU = Primary Auditory; TEA = Temporal Association). 
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Figure 4.9. ChABC expression in the RSC decreases the power of low frequency activity 

generated from the RSC but does not alter broader patterns of activity in the cortex. (A) 

Representative time course of 45 ms of spontaneous activity. (B) A power spectrum analysis of 

activity within the RSC showed that ChABC treatment reduced low frequency power of slow 

wave (0.1-1.0 Hz; r = 0.34) and delta (1.0-5.0 Hz; r = 0.08) activity, where as control animals 

did not. (Wilcoxon rank-sum test; CTRL (0.1-1.0 Hz): z = 0.72, p = n.s.; (1.0-5.0 Hz): z = 1.81, p 

= n.s.; ChABC (0.1-1.0 Hz): z = 5.39, p < 0.001; (1.0-5.0 Hz): z = 2.19, p < 0.05). (C) Graphical 

representation of change in (∆) RMS across the 17 cortical areas examined. A two-way ANOVA 

on change in RMS showed a main effect of cortical area (F(17, 144) = 1.865, p < 0.05) but no main 

effect of treatment and no interaction between treatment and area. Post-hoc comparisons did not 

show any significant differences between control and ChABC animals within any of the regions 

of interest. Data presented as mean ± SEM (B Legend: dark blue = baseline control; dark red = 

baseline ChABC; light blue = 1-month control; light red = 1-month ChABC; C Legend: CTRL = 

blue; ChABC = red; Regions: AC = Anterior Cingulate; CG = Cingulate; M1 = Primary Motor; 

M2 = Secondary Motor; FL  = Forelimb; HL = Hindlimb; BC = Barrel Cortex; TR = Trunk 

Region; MO = Mouth Region; NO = Nose Region; S2 = Secondary Somatosensory; PTAa = 

Parietal Association Area A; PTAb = Parietal Association Area B; RS = Retrosplenial; V1  = 

Primary Visual; AU = Primary Auditory; TEA = Temporal Association). 
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Figure 4.10. ChABC treatment did not result in broader changes in cortical connectivity 

between regions. (A) Graphical representation of the raw correlation values for the RSC with 

cortical areas in the ipsilateral hemisphere. (B) Graphical representation of the raw correlation 

values for RSC with cortical areas in the contralateral hemisphere. (C) Graphical representation 

of the change (∆) in correlated activity from baseline to 1-month for the RSC with ipsilateral 

cortical areas. A two-way ANOVA on the change in correlation over time for the RSC and 

ipsilateral areas showed no significant main effect of cortical area (F(15, 128) = 1.656, p = 0.068), 

treatment (F(1, 128) = 2.260, p = 0.135) and no interaction (F(15, 128) = 0.650, p = 0.829). (D) 

Graphical representation of the change (∆) in correlated activity from baseline to 1-month for the 

RSC with contralateral cortical areas. Change in correlations between the RSC and contralateral 

areas showed a main effect of cortical area (F(15, 128) = 2.050, p = 0.014), but no main effect of 

treatment (F(1, 128) = 0.283, p = 0.595) and no interaction between area and treatment (F(15, 128) = 

0.92, p = 0.545). 
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Figure 4.11. PNN degradation in the RSC does not alter seed pixel maps of correlated 

activity. (A) Representative image of a processed seed pixel map from the right hemisphere of a 

control and ChABC animal across both time points of the experiment. Areas highlighted in 

yellow show highly correlated activity with the seed pixel. (B) Graphical comparison of seed 

pixel maps. Seed pixel maps generated based on anatomical estimations of the RSC were not 

altered after ChABC treatment at either time point. To further corroborate these results were not 

threshold specific, we tested a less restrictive threshold for establishing a retrosplenial seed pixel. 

Here, a two-way repeated measures ANOVA revealed a significant main effect of time (F(1,8) = 

6.180, p = 0.038) but no main effect of treatment and no interaction. Post-hoc comparisons did 

not reveal any significant differences between either control or ChABC groups between time 

points. 
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Figure 4.12. PNN degradation in the RSC does not affect auditory-evoked responses 

generated in the primary auditory cortex. (A) Plot of the time course of activation in the 

contralateral hemisphere after the presentation of an auditory stimulus (top) and a plot of the 

change in activation pattern between baseline and 1-month time points (bottom). (B) Graphical 

representation of measures of the responses. Peak amplitude of the response was not altered by 

ChABC treatment at either time point (top) nor was the delay in the peak (middle). An area 

under the curve calculation for the 15 ms following the presentation of the stimulus was similarly 

unaffected by ChABC treatment.  
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Region Exploration 

Time (sec) 

Treatment Baseline 30D 60D 

mPFC Tactile Phase Control 28.41±1.49 33.79±2.08 30.73±2.31 

ChABC 36.18±2.31 34.69±6.29 34.55±1.74 

Visual Phase Control 26.14±2.41 23.75±1.83 21.03±1.60 

ChABC 26.17±2.27 26.90±1.66 21.04±1.81 

Crossmodal 

Phase 

Control 27.46±2.18 29.04±1.51 19.18±1.71** 

ChABC 30.87±1.90 35.40±2.95 24.96±1.70* 

RSC Tactile Phase Control 23.76±1.77 40.31±3.15*** 32.32±1.81** 

ChABC 29.29±2.49 36.97±3.83 38.19±2.49 

Visual Phase Control 20.98±2.10 28.19±2.87* 22.66±2.30 

ChABC 24.10±2.65 32.56±1.70 28.50±2.28 

Crossmodal 

Phase 

Control 24.90±1.47 33.12±1.57** 24.27±2.31 

ChABC 28.61±2.89 38.46±2.93** 33.56±3.40 
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Table 4.1. Crossmodal Object Exploration Times.  Here we outline exploration times for both 

cohorts (mPFC and RSC) in all three phases of the crossmodal object recognition task. For the 

mPFC cohort (top), tactile exploration times were unaffected by time, treatment, and showed no 

interaction. In the visual phase, a repeated measures ANOVA on exploration time showed a 

significant main effect of time (F(2,66) = 4.434, p < 0.05), but no main effect of treatment and no 

significant interaction. Post-hoc comparisons did not show any significant differences between 

the time points for either group. In the crossmodal phase, exploration times showed a significant 

main effect of time (F(2,62) = 14.70, p < 0.001) and of treatment (F(1,31) = 8.06, p < 0.01) but no 

interaction. Post-hoc comparisons revealed that animals exploration times significantly decreased 

from baseline to 60 days in both control and ChABC groups (CTRL: t(18) = 4.018, p < 0.01); 

ChABC: t(13) = 2.687, p < 0.05). There were no significant differences between treatment groups 

at any of the three time points. For animals in the RSC cohort (bottom), repeated measures 

ANOVAs on tactile exploration time showed a main effect of time (F(2, 52) = 10.75, p < 0.001) 

but no main effect of treatment and no interaction. Post-hoc comparisons showed that control 

animals had significantly increased exploration times at both 30 days and 60 days compared to 

baseline (30D: t(12) = 5.011, p < 0.001; 60D, t(12) = 3.496, p < 0.01). A comparison of visual 

exploration times showed a main effect of time (F(2, 58) = 6.020, p < 0.01) and treatment (F(1, 29) = 

4.78, p < 0.05), but no significant interaction. Post-hoc comparisons showed that in ChABC 

animals there was a significant increase in exploration time from baseline to 30 days (t(16) = 

2.563, p < 0.05). Lastly, evaluating crossmodal exploration times showed a significant main 

effect of time (F(2, 58) = 12.08, p < 0.001) and treatment (F(1, 29) = 4.98, p < 0.05). Post-hoc 

comparisons did not reveal any significant differences between the treatment groups at any of the 

three time points, but both control and ChABC animals had increased exploration times at 30 
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days compared to baseline (CTRL: t(15) = 3.634, p = 0.005; ChABC: t(16) = 3.477, p = 0.007). 

Data presented as mean ± SEM; Bold indicates a significant treatment effect on exploration time 

in that phase; *, p < 0.05; **, p < 0.01, ***, p < 0.001.  
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Chapter 5 – Conclusions 

In both the healthy and diseased brain there is now widespread recognition that PNNs play a 

significant role in cognition and behaviour. Genetic knockout studies have demonstrated that 

manipulations of essential PNN components can enhance or diminish task performance 

depending on the test and the region of the brain affected (Favuzzi et al., 2017; Romberg et al., 

2013; Shi et al., 2019). Similarly, a large and growing body of research shows that targeted 

manipulation of PNNs using enzymes which degrade them can have similar implications for 

cognition and behaviour (Domínguez et al., 2019; Gogolla et al., 2009; Hylin et al., 2013; Paylor 

et al., 2018; Romberg et al., 2013). Together, these studies inform a broader context within 

which PNN loss and cognitive impairment are shared features of CNS diseases, such as SZ and 

AD. However, significant limitations remain in the field of PNN research. Thorough 

characterizations of PNN deficits in animal models to compare against human disease are 

limited, and where available often examine only select areas of the brain at select ages. Similarly, 

evaluations of PNN degradation on cognition, learning, and memory has been selective in both 

the behaviours evaluated and the regions where these manipulations are conducted.  

The works here contribute to this body of literature by evaluating the 5xFAD animal 

model of AD and showing that it is a capable model for demonstrating PNN deficits.  The results 

shown here join one other study demonstrating similar results and warrants use of this model for 

future evaluations into PNN loss, its consequences, and mechanisms within AD (Crapser et al., 

2020). I also showed mixed evidence of PNNs involvement in working memory and cognition. 

In rats, PNN degradation in the mPFC can result in deficits in working memory as demonstrated 

in oddity object recognition and crossmodal working memory. By contrast, PNN degradation in 

the mPFC or RSC of mice had only subtle impacts on working memory, which may be mediated 
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by alterations in exploratory behaviour rather than memory. I described the impacts of targeted 

PNN degradation on closely associated PV+ cells across two studies. In the rat or mouse mPFC, 

PNN degradation had no observable impact on PV+ cell integrity. In the RSC of mice, prolonged 

PNN degradation resulted in a loss of PV+ cells. This manipulation also resulted in a decrease in 

the power of low frequency activity generated by the RSC, although broader patterns of cortical 

activity (spontaneous and evoked) were unaltered.  

5.1 Chapter 2 Conclusions 

The experiments in Chapter 2 were based on previous observations of PNN loss in the post-

mortem tissue of patients who suffered from AD, as shown in the cingulate, entorhinal, frontal, 

and temporal cortices (Baig et al., 2005; Crapser et al., 2020; Kobayashi et al., 1989; Morawski 

et al., 2012; Pantazopoulos et al., 2016). However, another post-mortem study had shown 

sparing of PNNs in AD across several brain regions (Morawski et al., 2012). While reflections 

on these studies would highlight the differences in PNN-labeling techniques and inherent 

variability within human post-mortem samples, it nonetheless demonstrates a lack of consistent 

results of PNN deficits in AD. Animal models of AD also exhibit significant variability in their 

evaluations of PNNs in the disease (Ajmo et al., 2010; Cattaud et al., 2018; Crapser et al., 2020; 

Javonillo et al., 2022; Kudo et al., 2023; Morawski et al., 2010; Rey et al., 2022). Again though, 

these studies utilized models with unique etiological origins, evaluated different and often 

singular areas of the brain, and the age of animals frequently differed. This inconsistency makes 

it difficult to interpret whether PNN deficits are a consistent phenomenon in AD or its models. 

Thus, I evaluated 5xFAD mice which are a commonly utilized model of AD that exhibits many 

of its pathological features including Aβ plaque deposition, neuroinflammation, and cell death 

(Oakley et al., 2006). 5xFAD mice also display memory and cognitive impairment that is 
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consistent with an AD-like phenotype (de Pins et al., 2019; Devi et al., 2015; El Gaamouch et al., 

2020). I demonstrate that PNN deficits are apparent in 5xFAD mice as early as 7-months of age 

in three of the regions examined: the primary motor cortex, CA1 region of the dorsal 

hippocampus, and RSC. PNN deficits were not detected in the mPFC or entorhinal cortex. Our 

results join only one other study to our knowledge that has evaluated PNN integrity in the 

5xFAD mouse model. In this case, they demonstrated that PNN deficits are also apparent within 

the subiculum and visual cortex of this strain (Crapser et al., 2020). When comparing these 

results with post-mortem observations from AD there are notable differences. In my evaluation 

there was no PNN deficit observed in the mPFC or entorhinal cortex, which contrasts with 

previous results showing deficits in both the anterior cingulate or entorhinal cortex of post-

mortem human tissue (Baig et al., 2005; Morawski et al., 2010; Pantazopoulos & Berretta, 2016). 

I did observe PNN deficits in the primary motor cortex and retrosplenial cortex but am not aware 

of studies investigating these areas in post-mortem AD tissue. Similarly in the hippocampus, 

human observations are lacking but animal models of AD exhibit PNN deficits here (Cattaud et 

al., 2018). Together, these findings demonstrate that PNN deficits are observed throughout the 

brains of AD and its models, but they are not universal. Of the regions evaluated in my 

experiment, the impact of PNN loss observed could underlie some of the deficits observed in 

5xFAD animals such as motor impairment, deficits in spatial memory and navigation, and object 

recognition, although this requires more direct investigation (Bouter et al., 2014; Griñán-Ferré et 

al., 2016; Jawhar et al., 2012; Oakley et al., 2006; Ohno et al., 2006; O’Leary et al., 2020; 

O’Leary & Brown, 2022). I also provide additional evidence of impairment in spontaneous 

alternation and novel object recognition, two tests of memory function. These results join others 

who have shown significant impairment in both tasks in 5xFAD animals (Devi et al., 2015; Devi 



207 
 

 

& Ohno, 2016; Grayson et al., 2015; Griñán-Ferré et al., 2018; Jawhar et al., 2012; Kim et al., 

2020).  

Despite these contributions, there are numerous limitations to the present research and 

important considerations for future studies. Foremost among them is that the PNN deficits I 

observed in conjunction with behavioural impairment are not causative. This is particularly 

relevant with regards to the symptoms of AD given the numerous other significant 

pathophysiological events that occur in the disease, e.g. Aβ-deposition, tau phosphorylation, 

neuroinflammation, cell death (Kent et al., 2020; Scheltens et al., 2021; Sengoku, 2020). Thus, 

PNN loss could simply be an epiphenomenon of the progression of AD that does not play a 

significant role in the behavioural impairments common to the disease. This does not however 

diminish the significance of their loss given the breadth of studies showing synaptic, neuronal, 

and network level alterations after PNN disruption (Fawcett et al., 2022; Wingert & Sorg, 2021). 

Given recent studies that demonstrate that PNN manipulation can impact cognitive impairment 

in AD models, continued study utilizing more focal approaches to PNN manipulation in AD 

would be valuable (Yang et al., 2015, 2021). Another limitation in our study is observations from 

an expanded range of time points, especially those from earlier stages of 5xFAD disease. Given 

that Crapser et al. (2020) demonstrated PNN impairments within the subiculum and visual cortex 

of 5xFAD animals at 4-months of age and 18-months of age, it is possible that the deficits I 

observed are also apparent at earlier stages of disease, or more severe in later stages of disease. 

Two timepoints in the progression of PNN loss in 5xFAD are of particular interest. Firstly, do 

PNN deficits precede, coincide, or follow the onset of cognitive impairment in 5xFAD? For 

example, spontaneous alternation deficits in 5xFAD animals have been shown as early as 5-

months of age (de Pins et al., 2019; Devi et al., 2015; El Gaamouch et al., 2020; Jawhar et al., 
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2012; Oakley et al., 2006). An evaluation of PNN integrity within regions involved in this task 

such as the hippocampus or retrosplenial cortex preceding and following the emergence of this 

deficit would be informative (Anzalone et al., 2009; Lalonde, 2002). Secondly, given that PV 

cells loss has been shown in later stages of disease in the subiculum, well after PNN deficits 

emerge, is this also apparent in other regions of the brain (Crapser et al., 2020)? While this might 

not be informative for the behavioural symptoms of 5xFAD given that they emerge far earlier, a 

better understanding of the temporal relationship between PNN loss and subsequent PV+ loss 

could help better design evaluations of the mechanisms that underlie these alterations.   

In addition to the limitations of Chapter 2, I would offer directions for future research 

into PNNs involvement in AD. Firstly, this experiment is similar only to that of Morawski et al. 

(2012) in offering a broad characterization of PNN integrity across numerous brain regions. I 

also evaluated these regions across time points considered within the literature to have modest or 

robust severities of disease based on their amyloid deposition (Devi et al., 2015; Devi & Ohno, 

2010). This design is particularly informative when evaluating the ‘where’ and ‘when’ of PNN 

deficits emergence. I recommend this approach where available to other studies of PNN integrity 

in AD. While tissue availability is limited for human post-mortem studies, making this approach 

challenging, animal models of AD could benefit from far more thorough characterizations of 

pathological observations such as PNN loss in both time and breadth of brain regions examined. 

Secondly, further investigation is required to elucidate the mechanisms by which PNNs are lost 

in AD. I would acknowledge significant recent information in this regard by Crapser et al. (2020) 

demonstrating that microglia play a significant role in PNN loss in the subiculum and visual 

cortex of 5xFAD animals. Other studies have also highlighted the role of MMPs and ADAMTS 

as the primary enzymes for degrading PNNs and noted abnormalities in these enzymes in AD 



209 
 

 

(Bekris et al., 2012; Colciaghi et al., 2002; Kudo et al., 2023; Leake et al., 2000; Lorenzl et al., 

2003; Martino Adami et al., 2022). Continued characterization of the relationship between these 

enzymes, PNNs, and how they might be altered in AD are encouraged. A final direction for 

future investigations is more focal evaluation of the impact of PNN degradation outside of the 

contexts of disease models. Given the significant and pervasive pathophysiology of AD, it’s 

challenging to consider the consequences of PNN loss in isolation. Studies designed to 

manipulate PNNs with more focal areas of the brain might better inform our understanding how 

their loss contributes to cognitive impairment in AD. Similarly, more precise observations of the 

consequences of PNN degradation on cortical hyperexcitability, inhibitory networks, PV+ 

interneurons, and more would be informative to better understand the consequences of their loss 

in AD.  

5.2 Chapter 3 Conclusions 

In chapter 3, I demonstrate that targeted PNN degradation in the mPFC of otherwise healthy rats’ 

results in cognitive impairment as measured on two tasks: the oddity preference task and 

crossmodal object recognition task. This finding is notable for several reasons. Firstly, it 

demonstrates that more targeted approaches to degrading PNNs within the mPFC can disturb 

cognition outside of the confounds of disease models. It also shows that some of the features of 

cognitive impairment observed in the polyI:C model of SZ, which features a much broader 

pathology, can be induced by degradation of PNNs within the mPFC alone (Ballendine et al., 

2015; Howland et al., 2012; Lins et al., 2018). And lastly, it shows that even subtle 

manipulations of PNNs (~15% loss) can impact cognition. In comparison to the literature 

regarding mPFC involvement in crossmodal tasks, my results are consistent with human imaging 

studies that show involvement of the mPFC in crossmodal, multisensory tasks (Adams & Janata, 
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2002; Laurienti et al., 2003). Evidence of mPFC involvement in crossmodal object recognition in 

animal studies however is limited. One previous study has shown that lesions of the orbitofrontal 

cortex, but not mPFC, result in impairments in crossmodal object recognition (Reid et al., 2014). 

Thus, further studies evaluating mPFC contributions to crossmodal object recognition would 

prove valuable in reconciling these findings. The neural circuitry underlying the object oddity 

task is poorly characterized and thus my findings are difficult to evaluate in a broader context. 

Other studies have identified that the perirhinal cortex may be an area of interest in effective 

performance in this task (Bartko et al., 2007; Buckley et al., 2001). My results also show that 

PNN degradation within the mPFC had no observable impact on set-shifting or prepulse 

inhibition which test behavioural flexibility and sensorimotor gating, respectively. In this case, I 

demonstrate an absence of an effect of PNN degradation on two tests of cognitive functions that 

have demonstrated impairment in human subjects suffering from SZ and in the rat model our lab 

had described mPFC PNN deficits within (Floresco et al., 2009; Ibi et al., 2009; Lins et al., 2018; 

Paylor et al., 2016; Romero et al., 2010). With regards to prepulse inhibition, previous studies 

have shown an involvement of the mPFC in this test but there is also a wide array of other brain 

areas involved (Swerdlow et al., 2001). Similarly, operant set shifting tasks have been shown to 

involve processing of the mPFC, particularly in the strategy shifting component of the task as 

opposed to reversal learning (Bissonette et al., 2013; Brady & Floresco, 2015; Braff & Geyer, 

1990; Swerdlow et al., 1994). As such, the subtle modulation of PNNs induced here may not 

have been sufficient to disturb the contributions of the mPFC to these behaviours. Together, 

these behavioural effects demonstrate the unique contributions of PNNs within the mPFC to 

impairments seen in animal models of SZ.  
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In addition to my behavioural results, I also evaluated PV+ interneuron integrity, 

including their expression of GAD67+ and PV+ protein after PNN degradation. There were no 

alterations in these measures or in gephyrin+ puncta on mature neuronal cells within the mPFC. 

Thus, my results are not indicative of disruption of ongoing PV+ cell activity or alterations in a 

basic assessment of inhibitory connectivity within the area of PNN degradation. Studies in SZ 

have demonstrated that while PV+ interneurons are typically spared in density, they present with 

significantly less PV+ protein and expression of GAD67+, an important GABA-synthesizing 

enzyme (Beasley et al., 2002; Fung et al., 2010; Glausier et al., 2014; Hashimoto et al., 2003; 

Mellios et al., 2009; Tooney & Chahl, 2004). Moreover, PV+ dysfunction appears central to 

numerous pathophysiological phenomena in SZ, which includes PNN deficits, and thus 

warranted this investigation (Gonzalez-Burgos & Lewis, 2012; Lewis et al., 2012). The results 

here should be interpreted with caution however, given that immunohistochemical staining 

cannot fully capture the integrity of PV+ interneuron activity.  In previous studies utilizing 

electrophysiological approaches it has been shown that PNN degradation can increase the 

excitability of PV+ interneurons, decrease their firing rates, and increase their spike variability 

(Christensen et al., 2021; Lensjø et al., 2017; Liu et al., 2023). A consideration of the 

electrophysiological properties of PV+ cells within the mPFC after PNN degradation would be 

informative in this regard. A recent proposal for the mechanism by which PNN loss affects 

functions like memory was put forward by Fawcett et al., (2019). They suggest that PNN loss 

increases inhibitory inputs onto PV+ cells, which reduces their inhibitory output and increases 

the excitability of local networks. While this hypothesis is supported by experimental 

observations, they are not always consistent between different regions of the brain and warrant 
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further investigation into the mechanisms by which PNN loss within the mPFC affects 

performance on the tasks demonstrated here.   

5.3 Chapter 4 Conclusions 

Within the experiments in Chapter 4 I describe the impact of PNN degradation at two sites, the 

mPFC and RSC, on a battery of cognitive tests and mesoscale activity in mice. My results 

indicate that PNN degradation at either site did not have drastic impacts on cognition. Mice with 

PNN degradation within the RSC exhibited a subtle impairment on the crossmodal object 

recognition test as demonstrated by their inability to perform at above chance levels after 

degradation (controls performed better than chance). However, these animals also exhibited 

increases in exploratory activity during the task indicating factors other than working memory 

may have been impacted. PNN degradation at both sites had no impact on open field or 

spontaneous alternation behaviours, which assess locomotor and spatial working memory, 

respectively. Similarly, neither group showed disruption of their ability to perform the oddity 

object task. This contrasts results in Chapter 3 where I showed impairments in oddity task 

preference and crossmodal object recognition after ChABC infusions into the mPFC of rats 

(Paylor et al., 2018). This discrepancy would suggest that PNN degradation within the mPFC of 

mice does not have the same deleterious consequences for performance in these two tests as the 

manipulation does for rats. While I would hesitate to interpret the absence of a crossmodal object 

recognition deficit here in mice given the poor performance of these animals generally on the 

task, this is consistent with previous reports suggesting the mPFC is not necessary for this task 

(Reid et al., 2014). My observations after PNN degradation in the RSC on the crossmodal task 

are however consistent with a previous study demonstrating that RSC lesions can impair 

performance on this task (Hindley et al., 2014). A recent study in primates has also demonstrated 
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that aging related declines in PNNs surrounding PV+ cells within the RSC correlates with object 

recognition performance (Gray et al., 2023). Together, these studies and the data presented here 

suggest a role for the RSC in object recognition paradigms that warrants further evaluation.  

In addition to my behavioural observations, I also show a deficit in PV+ interneurons 

within the RSC after PNN degradation. This finding contrasts with what I observed in both mice 

and rats after PNN degradation in the mPFC, which did not affect PV+ cells. This discrepancy 

could be due to regional differences in both PNN and PV+ cells. This result is especially 

interesting in comparison to other studies evaluating PV+ cells after PNN degradation, which 

most often show spared PV+ cell density but a loss of PV expression within PV cells (Yamada et 

al., 2015). Notably, in most studies of PNN degradation using enzymes like ChABC the duration 

of effect is much shorter. Even in the experiment in Chapter 3, I utilized a single injection of 

ChABC and evaluated immunostaining ~25 days later. Here, I utilized a prolonged duration of 

ChABC expression. Previous studies have demonstrated that without intact PNNs, neurons 

typically surrounded by them can become vulnerable to stressors like oxidative stress or other 

disease related pathologies (Cabungcal et al., 2013; Crapser et al., 2020; Ruden et al., 2021; 

Suttkus et al., 2014). Thus, our results indicate that in after prolonged absence of PNNs can have 

consequences for cellular integrity beyond that of one-time disruptive events. These findings 

warrant further investigation into how PNN disruption can impact host neurons when their 

exposure is prolonged, which is likely more clinically relevant. 

Lastly, I utilized wide field optical imaging to evaluate broader changes in cortical 

activity and connectivity after PNN degradation within the RSC. This manipulation did not result 

in changes in spontaneous or evoked activity as measured by calcium fluorescence. To my 

knowledge, there are no other studies utilizing wide field optical imaging to evaluate changes in 
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cortical activity after localized PNN degradation. Similarly, other mesoscale imaging techniques 

such as functional magnetic resonance imaging or diffusion tensor imaging have not been 

applied in this regard despite their widespread use in disorders featuring PNN loss such as SZ. I 

would encourage further investigation into PNN degradation with these techniques as they could 

be insightful into determining the how PNN loss can affect broader cortical activity and 

connectivity. Despite leaving cortical activity patterns unaltered, I did observe a decrease in the 

power of low frequency activity after PNN degradation in the RSC, potentially mediated by the 

loss of PV+ cells I observed. Administration of NMDAR antagonists such as ketamine which 

can induce SZ-like symptoms and have also been shown to decrease delta activity (Hong et al., 

2010; Hunt et al., 2010; Kiss et al., 2011; Mahdavi et al., 2020). Coincidentally, ketamine can 

also result in PV+ interneuron dysfunction and PNN loss (Kaushik et al., 2021; Keilhoff et al., 

2004; Koh et al., 2016; Matuszko et al., 2017; Venturino et al., 2021; Z. Zhou et al., 2015). Thus, 

a common feature of PNN degradation shown here and NMDAR antagonists might be reductions 

in PV+ cell activity and their contributions delta activity. Within the broader SZ literature, delta 

activity is also impaired during task-performance and delta coherence between regions is 

decreased when attending to auditory stimuli (Bates et al., 2009; Ford et al., 2002). These studies 

show that decreased delta and PV dysfunction is a common feature among my findings, SZ 

studies, and in pharmacological treatments that mimic SZ-like symptoms. One possible link 

between these observations is Reelin, a molecule involved in NMDA receptor organization that 

is readily integrated into PNNs has been shown to be abnormal in SZ (Grayson et al., 2005; 

Guidotti et al., 2000; Impagnatiello et al., 1998). These converging findings warrant more 

focused investigation in the future to describe the relationship between PV+ interneurons and 

delta activity, and how PNN loss might affect them.   
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5.4 General Conclusions 

While the effects of PNN loss here varied based on species, region, and task, evaluation of my 

data along with the broader body of PNN literature informs us that their manipulation can impact 

cognitive function. How this manipulation affects cognition however is less coherent, but 

nonetheless apparent at the synaptic, cellular, and network level. Firstly, from a synaptic 

perspective intact PNNs play an important role in receptor clustering and mobility within 

synapses (Chang et al., 2010; Favuzzi et al., 2017; Lee et al., 2017). Their disruption at this level 

could affect the extrasynaptic diffusion of receptors, allowing for exchange of desensitized 

synapses which would otherwise be restricted in the presence of a PNN (Frischknecht et al., 

2009). These alterations could underlie the hyperexcitability of interneurons, as new sensitized 

receptors are recycled into synapses. Similarly, increases in lateral mobility of receptors might 

underlie the alterations in LTP and LTD observed after PNN degradation (Brakebusch et al., 

2002; Zhou et al., 2001). At a cellular level, the loss of PNNs removes an important support for 

ongoing cellular function. Evidence of PNNs role in cation buffering and ion sorting would 

suggest that their loss disrupts their contributions to the significant physiological demands of 

host neurons such as PV cells (Burket et al., 2021; Morawski et al., 2015; Reinert et al., 2022). 

Their loss may also strip neurons of an important buffer against pathological stressors such as 

oxidative stress (Cabungcal et al., 2013). The incredibly high firing rates of PV+ cells in 

particular subject them to significant metabolic and physiological stress, even in healthy 

conditions (Ruden et al., 2021). This is only further exacerbated in conditions like AD or SZ, 

where oxidative stress or cellular toxicity (e.g. Aβ and tau accumulation) are elevated. In this 

case, their absence confers an elevated vulnerability to host neurons in these conditions 

(Cabungcal et al., 2013; Crapser et al., 2020; Miyata et al., 2007). Consistent with this, PV+ cell 
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dysfunction is often shared in contexts healthy or otherwise where PNNs are disrupted activity 

(Enwright et al., 2016; Fujikawa et al., 2021; Kilonzo et al., 2020). PNNs also support the 

contributions of PV+ cells to network activity. The combined effects of PNN loss on synaptic 

and cellular activity typically results in a decrease in inhibitory output from PV+ cells (Fawcett 

et al., 2022; Wingert & Sorg, 2021). This in turn reduces inhibitory drive within networks, tilting 

the balance of excitation and inhibition towards excitability. Consistent with this, cortical 

hyperexcitability is observed after PNN degradation and in diseases such as SZ where PNNs are 

deficient (Daskalakis et al., 2007; Heckers et al., 1998; Hoffman & Cavus, 2002; Wen et al., 

2018). The loss of PNN not only affects overall inhibitory activity but also the important network 

regulating properties of inhibitory activity and PV+ cells. This is readily demonstrated in 

observations of gamma asynchrony after PNN loss (Cabungcal et al., 2013; Carceller et al., 

2020; Lensjø et al., 2017). The disruption of PV+ cell activity here could have significant 

impacts within local and broader cortical network. Gamma oscillations are integral to the 

numerous cognitive functions and have been shown to contribute to cognitive impairment in 

CNS diseases where they are dysfunctional such as AD and SZ (Buzsáki & Wang, 2012; Fries, 

2005, 2009; Lesh et al., 2011). Given the support that PNNs provide to the physiological 

demands of highly active neurons, it is notable that gamma deficits are often more pronounced 

during task-evoked activity, where neural activity is upregulated (Farzan et al., 2010; Sun et al., 

2011; Williams & Boksa, 2010). In summary, PNNs make important contributions to ongoing 

neural function at multiple levels, ranging from ion buffering and sorting to broader scale 

synchrony of cortical activity and behavioural outputs. Many of these effects are likely mediated 

through alterations in host neurons, which are most commonly PV+ interneurons, but also 

include other inhibitory interneuron types and in some cases pyramidal cells. Continued 
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investigation into how PNN disruption affects cognition would benefit from localized 

degradation studies like the ones utilized here. These findings can be readily translated back into 

animal models of CNS diseases where cognitive impairment and PNN loss are shared features.  

Given that I observed object recognition impairments of varying degrees in each of my 

experiments, it warrants consideration how PNN loss could affect this task specifically. Beyond 

the general impacts of PNN loss on synaptic, cellular, and network function discussed above in 

cognition, disruption of PV+ interneurons has also shown to have a direct impact on 

discrimination tasks. PV+ cell activity is thought to contributes to numerous inhibitory network 

functions, but particularly relevant to this task are their role in lateral inhibition and pattern 

separation (Braganza et al., 2020; Espinoza et al., 2018; Guzman et al., 2019; Yang et al., 2017). 

Lateral inhibition describes the capacity of excited neurons to inhibit neighbouring or competing 

neural assemblies. In addition to experimental observations of PV+ cells involvement in lateral 

inhibition, other studies have demonstrated that single EPSPs in a PV+ cell from an impinging 

pyramidal cell can elicit a response from that PV neuron (Jouhanneau et al., 2018). Given their 

high degree of local connectivity and perisomatic innervation, they can readily inhibit a 

significant proportion of local cells, called blanket inhibition (Carceller et al., 2020; Freund & 

Katona, 2007; Packer & Yuste, 2011). These processes plays a critical role in pattern separation 

whereby inputs for similar but unique stimuli are transformed into more distinct patterns of 

activity to facilitate discrimination (Cayco-Gajic & Silver, 2019). In this case, PV+ cells 

facilitate a theorized ‘winner-takes-all’ firing pattern, whereby the excitation of a neural 

assembly representing one stimulus inhibits activity within competing assemblies (Kurt et al., 

2008; Plenz, 2003; Wingert & Sorg, 2021). Together, these functions are though to play an 

integral role in discrimination tasks such as object recognition where two potentially similar 



218 
 

 

objects must be differentiated. The demonstrated impact of PNN loss on PV+ cell activity 

suggests that their manipulation could impact these inhibitory network functions. In support of 

this, a recent study showed that PNN degradation around grid cells decreased the stability of 

neural representations of familiar environments after introduction of a novel environment 

(Christensen et al., 2021). This suggests that in the absence of PNNs, pattern separation is 

diminished and competing assemblies of neural activity representing two environments may 

interfere with each other. The effects of PNN degradation also induce interference in drug-

administration paradigms. Rats trained on cocaine self-administration, where one lever press 

results in one cocaine administration, do not exhibit impairment in cue recall after PNN 

disruption (Wingert & Sorg, 2021). However, if PNNs are degraded, these animals do exhibit 

cue recall impairments when the ruleset (e.g., fixed interval of one press becomes random 

interval) is changed. Studies directly manipulating PV+ cells are also supportive of this role in 

pattern separation. Work by Zhu et al., (2015) showed that in the visual cortex, patterns of visual 

activity observed in response to the presentation of visual images could be coded precisely for 

the specific video frame the animals were currently observing. Thus, the authors could predict 

the image that the animal was viewing simply by evaluating neural activity (Zhu et al., 2015). 

However, after optogenetic suppression of PV+ cells, the classification of frames became 

significantly less reliable, indicating increased overlap between the neural activation patterns for 

these stimuli. This is consistent with another study within the visual cortex showing that 

optogenetic suppression of PV+ cells increased both overall activity and the cellular overlap 

between two representations that were previously dissimilar (Agetsuma et al., 2018). Together, 

these studies offer a potential mechanism by which PV disruption after PNN degradation could 

underlie impairments in discriminating between two stimuli. They also offer an intriguing 
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opportunity to further probe object recognition paradigms with competing or interfering stimuli, 

which could further exacerbate the deficits observed after PNN loss. 

Limitations and Future Directions 

Despite both direct and converging evidence that PNNs might play a significant role in the 

pathophysiology and symptoms of SZ and other CNS diseases, numerous questions about their 

involvement remain. Firstly, how do PNN deficits develop in disorders like SZ? From the first 

study demonstrating a reduction of PNNs in the amygdala and entorhinal cortex in SZ, it was 

observed that there were massive increases in CSPG-rich glial cells within the same regions that 

deficits were observed (Pantazopoulos et al., 2010). This might be taken as indicative of an 

active degradation and phagocytosis of PNN that occurs during maturity. Consistent with this, 

gene profiling studies and gene-wide association scans have identified that genes encoding for 

enzymes that degrade PNNs such as matrix metalloproteinases (MMPs) and a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTSs) are altered in SZ (Bespalova et al., 

2012; Dow et al., 2011; McGrath et al., 2013; Pietersen et al., 2014). Microglia have also been 

shown to have an important role in the regulation of PNNs and in disease models where PNNs 

are disrupted, and inhibiting microglia can rescue PNN deficits (Crapser et al., 2020). However, 

significant evidence also exists to suggest that SZ is a neurodevelopmental disorder (Howes & 

Shatalina, 2022; Owen et al., 2011; Rapoport et al., 2012). Given the relationship between PNNs 

and critical periods of plasticity, it is also feasible that disruptions to antecedent developmental 

steps such as PV+ maturation could result in decreased PNN formation (Dityatev et al., 2007; 

Takesian & Hensch, 2013). Numerous studies have shown that interventions which impede 

progression of critical periods of plasticity prior to PNN development can impair their formation 

(Balmer et al., 2009; McRae et al., 2007a; Sur et al., 1988; Ye & Miao, 2013). In this context, 
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PNN abnormalities in SZ might be a result of impaired development rather than active 

degradation (Berretta et al., 2015). Support for this perspective can be drawn from studies 

suggesting that there is abnormalities in genes encoding for CSPG components of PNNs 

(Buxbaum et al., 2008; Cichon et al., 2011; Mühleisen et al., 2012; Pantazopoulos et al., 2015). 

Unfortunately, to date there is no conclusive evidence to support either active degradation or 

failures in development as the primary mechanisms by which PNNs are deficient in SZ. If the 

former, developing therapies aimed at preventing this degradation would be applicable not only 

in SZ but also in other CNS diseases like AD which similarly show elevated levels of MMPs (Gu 

et al., 2020; Adami et al., 2022; Wang et al., 2014). If the latter is true and PNN deficits are a 

result of failed formation, then there are limited options available currently. This is one among 

several outstanding issues within the field of PNN research, which is that we have abundant 

means to degrade PNNs but few to promote their growth. Genetic strains of animals that 

overexpress PNN components to increase PNN formation have not been widely demonstrated 

and would likely be ill suited as therapies in clinical contexts. This is an understudied aspect of 

PNN research and would significantly undercut future discoveries addressing why PNNs fail to 

form if we cannot identify means to encourage their healthy development.   

In addition to the lack of PNN-promoting strategies currently available, several other 

limitations are apparent in the field more broadly that are particularly relevant to the work 

presented here. Foremost among them is the use of ChABC to degrade PNNs. I utilized ChABC 

in both of my PNN disruption studies and it is likely the most common method applied in the 

larger body of literature. There are two major issues with this approach. Firstly, ChABC 

degrades CSPGs by cleaving their CS-GAG chains. While this is highly effective in reducing 

PNNs it also has a much more generalized impact on the ECM. Other ECM components such as 
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the interstitial matrix and perinodal matrices are also disrupted by ChABC cleavage, although 

that is not readily acknowledged in studies utilizing ChABC. This means that the contributions 

of other ECM structures that are disrupted by ChABC are undervalued and in many cases, may 

contribute to any consequences observed after treatment. Given estimates that 2% of the total 

CSPGs in the brain are present within PNNs and the remaining 98% in the diffuse matrix, this 

issue is significant (Deepa et al., 2006). In this regard, future studies should consider whether 

other means to degrade PNNs are better suited to their experiments. Endogenous enzymes like 

MMPs and ADAMTSs are possible candidates (Mohamedi et al., 2020). Among ADAMTSs are 

enzymes which are thought to degrade specific CSPGs, such as aggrecanases (ADAMTS-4 and -

5) that specifically degrade aggrecan (Verma & Dalal, 2011; Westling et al., 2002). This is a 

particularly appealing target given that aggrecan is expressed in nearly all PNNs (Deepa et al., 

2006; Matthews et al., 2002). Other ADAMTSs have also been shown to have varying 

specificity to CSPGs like versican and brevican and may be well suited to certain studies (Cross 

et al., 2005; Gary et al., 1998; Nakada et al., 2005; Stanton et al., 2011). Alternative approaches 

such as overexpression of C6S in animals lacking chondroitin-6-sulfotransferase, which prevents 

aggrecan accumulation into PNNs, might also be considered as more targeted means to PNN 

disruption (Miyata et al., 2012; Miyata & Kitagawa, 2016). The second major issue with utilizing 

ChABC disruption or any PNN degrading enzyme is that these manipulations are often not only 

a ‘net loss’ but also increase the availability of other molecules within CNS tissues. For example, 

C4S is cleaved from PNNs after enzymatic degradation and has significant growth-inhibiting 

properties within CNS tissues. C4S is highly expressed in the adult brain relative to C6S, which 

is growth-promoting and primarily expressed in development and studies have shown that 

manipulation the C4S to C6S ratio the brain can impact cortical plasticity (Miyata et al., 2012). 
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The release of CS chains could also have broader impacts on cognition which is demonstrated by 

a study that administered Cat316, an antibody against C4S, and found that it had similar effects 

to that of ChABC in restoring memory loss in a mouse model of tauopathy (Yang et al., 2017). 

PNNs also bind and sequester numerous other signaling molecules such as neurotrophins, OTX2, 

semaphorin 3A, and reelin, among others (Beurdeley et al., 2012; Dick et al., 2013; Lensjø et al., 

2017; Martı́nez-Cerdeño & Clascá, 2002; Pesold et al., 1999). Again, the degradation of PNNs in 

this case could release these molecules into the extracellular milieu with their own neuroactive 

effects. Together these studies demonstrate that PNN disruption with enzymes like ChABC can 

have broader effects than simply degrading PNNs and that the degraded components of PNN can 

exert their own effects within the CNS. These issues should be carefully considered in future 

studies utilizing ChABC.  

Another limitation within the current field is the use of WFA to label and detect PNNs in 

CNS tissues. While this is by far the most widely utilized technique to identify PNNs, but not all 

PNNs are detectable with WFA. In studies utilizing broader sets of immunohistochemical 

markers for PNNs, diverse subpopulations of PNNs have been identified. These markers include 

Cat315+ and Cat316+, 3B3, and other antibodies directly against the CSPG components of PNNs. 

For example, in the mouse visual cortex, while almost all Cat316+ PNNs are also positive for 

WFA, ~16.5% of PNNs were positive for Cat315+ but not labelled with WFA (Miyata et al., 

2018). Within WFA-expressing PNNs, those that also expressed Cat315+
 had significantly lower 

WFA immunofluorescence than those than co-expressed Cat316+. This suggests that there are 

subpopulations of PNNs with higher or lower WFA-staining that are labelled by Cat315+ and 

Cat316+
, respectively, and there are other PNNs uniquely labelled by Cat315+alone (Miyata et al., 

2018). In the lateral nucleus of the human amygdala, WFA labels ~54% and 80% of PNNs that 
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are also immunoreactive for aggrecan or 3B3, respectively (Pantazopoulos et al., 2015), 

indicating a significant population of aggrecan-labelled but WFA-labelled PNNs. Another study 

described a broadly distributed population of brevican positive PNNs that are not labelled with 

WFA (Ajmo et al., 2008). Together, these observations clearly demonstrate the significant 

heterogeneity amongst PNNs and show that WFA alone provides an incomplete picture of PNN 

integrity as whole. Future studies would benefit from consideration of this heterogeneity when 

selecting markers to identify PNNs. It also warrants further consideration whether these unique 

PNN compositions are consistently affiliated with specific cell types. As a final comment 

regarding issues related to PNN-labeling in conventional experimental studies, I would point out 

the lack of available in vivo imaging techniques for PNNs. Other in vivo imaging tools have seen 

immense progress over the last several decades but applying these techniques in PNN 

experiments has suffered from a disconnect between real time imaging of cellular activity and a 

lack of available PNN detection methods in parallel. However, a very recent publication 

demonstrating in vivo labeling and imaging of PNNs may have broken ground on this issue 

(Benbenishty et al., 2023). I would encourage further innovation in this area and challenge future 

studies evaluating the consequences of PNN degradation in vivo to also make efforts to visualize 

PNNs.  

Conclusion 

In summary, the experiments presented here join a growing body of literature which 

demonstrates PNNs involvement in CNS diseases and demonstrate the subtle, but noticeable 

impacts they can have on cognitive function. A significant work remains to better describe the 

unique contributions of PNNs to cognitive functions or behaviours in other domains. I encourage 

continued study utilizing targeted disruption of PNNs in otherwise healthy animals, as was 
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demonstrated here. These findings can be translated back into models of disease to describe the 

functional consequences of PNN loss within them. Additional study into the mechanisms by 

which PNNs come to be deficient in CNS diseases is also critical, particularly as we consider 

therapies that might mitigate these effects. I eagerly anticipate future discovery in this regard. 
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