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Abstract 

Visual cortical circuits undergo a temporally restricted period of heightened plasticity 

early in neurodevelopment, termed the critical period (CP; Hubel and Wiesel, 1962, 

1963). Crucial visual abilities, such as binocularity, are progressively shaped and 

optimised during this phase of maturation and refinement of the associated neuronal 

networks in the visual pathway (Cang et al., 2023). An important postsynaptic 

scaffolding protein, postsynaptic density 95 (PSD-95), has recently been observed to 

regulate the timely closure of CP for ocular dominance plasticity (ODP), wherein the 

proportion of Ŭ-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) silent 

synapses substantially decreases during CP for ODP in the mouse primary visual 

cortex (V1; Huang et al., 2015). PSD-95 facilitates the unsilencing and maturation of 

AMPA-silent synapses, which are abundant in the juvenile visual cortex. The absence 

of PSD-95 in mice leads to persistently high proportions of AMPA-silent fractions, 

juvenile-like ODP, and aberrant spine dynamics, characterised by increased spine 

formation and elimination rates, after short-term (4-day) monocular deprivation (MD) 

even in late adulthood (Huang et al., 2015; Yusifov et al., 2021). At a behavioural level, 

PSD-95 knockout (KO) mice exhibit poor orientation discriminability despite normal 

visual acuity (Favaro et al., 2018). Given the development of binocularity coincides 

with CP for ODP (Wang et al., 2010; Tan et al., 2020, 2022), we hypothesised that 

PSD-95, and consequently, AMPA-silent synapse maturation would influence the 

development of binocular visual abilities. To investigate this, PSD-95 KO mice were 

tested for orientation discriminability using the visual water task (Favaro et al., 2018) 

and in prey capture behaviour, an ethologically relevant binocular visual task (Hoy et 

al., 2016). With binocular vision, gross deficits were observed in PSD-95 KO mice 

compared to WT mice in both orientation discrimination and diverse epochs of 

predation. Notably, with monocular vision, KO mice showed an observable 

improvement in both these behaviours, in contrast to the deterioration observed in 

monocular WT mice. The findings indicated the poor binocular behavioural 

performance to be an outcome of disturbed binocular integration of visual inputs due 

to the loss of PSD-95. To probe how binocular integration might be affected in the 

absence of PSD-95, repeated 2-photon Ca2+ imaging of layers 2/3 neurons of the 

binocular visual cortex (bV1) was conducted in awake head-fixed mice while being 

monocularly and binocularly presented with visual stimuli, consisting of static 
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sinusoidal gratings of differing combinations of orientations, spatial frequencies and 

phases. Binocular bV1 neurons of KO mice exhibited a greater degree of binocular 

mismatch along with increased contralateral dominance and a more linear regime of 

binocular integration of visual inputs. While both monocular and binocular KO neurons 

consistently showed higher orientation selectivity compared to WT neurons, other 

receptive field properties of monocular neurons were largely similar across genotypes. 

Intriguingly, the preferred orientation of individual KO neurons remained stable over 

multiple days and exhibited less drift in the short-term timescale. Overall, the results 

presented in this thesis highlight the functional specificity of AMPA-silent synapse 

maturation in refining binocular vision, both in terms of binocular visual behaviour and 

the experience-dependent tuning and refinement of binocular bV1 neurons.  
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1. Introduction 

 

The ability to optimally interact with and navigate oneôs environment requires the 

processing, encoding, and decoding of inputs arising from different sensory modalities. 

Each of these sensory modalities conveys specific information over distinct neural 

pathways to the brain, which ultimately facilitates the creation of cohesive 

representations of the world one inhabits. Depending on the species and their 

ecological niche, one or some of the senses trump over the others to confer better 

chances of survival. Among the different senses, vision ï specifically, visual perception 

and the brainôs representation of visual information ï has been a subject of widespread 

fascination and intense research for centuries. Indeed, when participants in a survey 

were asked to indicate which sensory modality they were most scared to lose, the 

visual sense garnered the highest number of votes (Hutmacher, 2019) ï this fear 

perhaps, is reminiscent of the research endeavours on sensory systems where vision 

research still dominates in terms of sheer volume over other sensory modalities 

(Hutmacher, 2019). 

One of the most debated questions in vision research over the centuries has centred 

on the emergence and mechanisms underlying binocularity or binocular vision ï the 

ability to form a single percept using information received from two eyes. As Charles 

Wheatstone (1802-1875), the inventor of the stereoscope, noted: ñNo question relating 

to vision has been so much debated as the cause of the single appearance of objects 

seen by both eyesò (1838, p. 387). Some of the earliest accounts on speculations 

regarding the phenomenon of binocularity trace back to Greek antiquity. For instance, 

Aristotle (384-322 B.C.) pondered over the phenomenon of diplopia (double vision, 

Ross, 1931), and Euclid (323-283 B.C.) who in the context of physical optics, 

discussed the projections from the two eyes onto different sizes of spheres (Wade and 

Oto, 2019).  Much later, the Roman mathematician, Claudius Ptolemy (100-170 A.D.) 

experimentally defined the ñlines of visual correspondence for the two eyesò (Wade, 

2012). However, the connection between binocularity and depth perception was not 

made till the Italian mathematician Giovanni Battista Benedetti in 1585, and more 

famously, Kepler about 20 years later in his seminal 1604 Ad Vitellionem 

Paralipomena, concluded that the perception of depth is a consequence of the 
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percepts generated by the two eyes (Goulding, 2018). A more modern psychophysical 

approach to studying binocular vision was pioneered by William Charles Wellsô 

experiments on binocular visual direction as elucidated in his 1792 essay (Wells, 1792) 

and Wheatstoneôs invention of the stereoscope in 1838, which enabled the 

presentation of slightly disparate stimuli to each of the eyes separately to generate 

depth (Wheatstone, 1838). Perhaps the first instance of a physiological examination 

of binocularity was by Galen (A.D. 129-200), a Greek anatomist working within the 

Roman empire. Based on his anatomical examinations, he dawned upon the 

realisation that the ñvisual conesò would substantially overlap to produce a single 

image (Smith, 1999, 70-74). Centuries after Galen, in the 1860s, the physiologist 

Ewald Hering proposed a theory that attempted to describe the phenomenon of depth 

perception as an outcome of innate neuroanatomical structures (Bishop, 1973). At the 

turn of the 20th century, the renowned neuroanatomist Santiago Ram·n y Cajal, by 

taking a comparative anatomical approach, recognised the evolutionarily conserved 

features of the visual system between flies and vertebrates (Cajal and Sanchez, 1915). 

Cajal, along with Hering, were the main proponents of the neurophysiological basis of 

binocular vision at a time when the basis of binocularity was widely considered to be 

a ñmental actò (Helmholtz, 1868) with the percepts of the two eyes being ñcombined to 

a single mindò (Sherrington, 1940), even till the mid-20th century (Bishop, 1973; Bishop 

and Pettigrew, 1986). This longstanding ñmentalistò view was comprehensively 

challenged, albeit theoretically, by Gerhard Rßnne (1956), who further elaborated on 

Heringôs and Cajalôs postulations regarding the physiological underpinnings of 

binocularity. The advent of the modern neuroscience approach towards studying 

binocular vision truly began with some groundbreaking reports published in the late 

1950s and early 1960s (Bishop and Pettigrew, 1986): firstly, the electrophysiological 

characterisation of visually evoked responses in the cat striate (primary visual) cortex 

neurons driven by either eye exhibiting varying degrees of ocular dominance (Hubel 

and Wiesel, 1959, 1962), and secondly, the observation that perception of 

stereoscopic depth is independent of monocular depth and form cues, with the only 

binocular cue of importance being retinal image disparity (Julesz, 1960, 1964). 

The neurobiological perspective on binocular vision has since progressed rapidly after 

Hubel, Wiesel, Julesz and otherôs pivotal experiments in the field. Numerous studies 

over the last few decades have convincingly demonstrated the importance of binocular 
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vision in multiple species throughout the animal kingdom (Read, 2021) including the 

intricate neural circuit mechanisms underlying key features of binocularity (Cang et al., 

2023). Significant progress has also been made in delineating the molecular 

mechanisms underlying binocular circuit formation at the level of the retina, the 

formation of the optic chiasm via the decussation of retinal ganglion cells (RGCs) and 

their axonal targeting to form synapses at thalamic and midbrain nuclei which further 

project to the visual cortex (Herrera et al., 2024). A primary reason neuronal circuits 

remain and persist the way it does over time after their initial shaping and structuring 

is the formation, maturation and stability of neuronal synapses that form the basis of 

the functional neuronal network architecture. The fundamental role of experience in 

strengthening synaptic connections via correlated pre- and postsynaptic activity was 

first formally postulated by Donald Hebb (1949). Early investigations by Torsten Wiesel 

and David Hubel, first in kittens (Wiesel and Hubel, 1963a, b) and then in rhesus 

monkeys (Hubel et al., 1977), have underscored the foundational role of the critical 

period (CP) for visual development ï a temporally restricted state of heightened 

plasticity during early postnatal neurodevelopment ï in influencing the functional 

architecture of experience-based cortical refinement in the primary visual cortex (V1). 

This CP, with strict temporally defined onset and closure, has been further implicated 

in experience-dependent shaping and refinement of cortical circuits (Lºwel and Singer, 

1992), deemed to facilitate the functional fate of visually responsive and selective 

neurons in V1 towards binocularity (Hensch, 2005; Wang et al., 2010, 2013; Gu and 

Cang, 2016; Jenks and Shepherd, 2020; Tan et al., 2020, 2021, 2022; Chan et al., 

2021). However, CPs are regulated by a complex array of different synaptic signalling 

cascades (Stryker and Lºwel, 2018; Xu et al., 2020a) and how exactly specific pre- 

and/or postsynaptic complexes in these signalling cascades interact to give rise to 

binocularity is still debatable and ill-understood. 

In this thesis, using the mouse as a model system, I endeavoured to understand the 

link between excitatory postsynaptic maturation and the development of binocularity. 

The primary questions I intend to address over the course of this thesis are as follows: 

(i) What are the behavioural consequences of having persistently ñsilentò excitatory 

synapses throughout development? 

(ii) Are the deficits, if any, related to impairments in binocular vision? 
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(iii) Do the deficits, if any, have any ethological relevance in terms of binocular visual 

behaviour? 

(iv) Do these ñsilentò synapses have any impact whatsoever in the encoding of general 

visual, including binocular, information in V1? 

To this end, this thesis will focus on elucidating the role of a crucial postsynaptic 

protein, namely postsynaptic density (PSD) 95 (Cho et al., 1992; Stathakis et al., 

1997), in influencing binocular visual behaviour and the development of receptive field 

(RF) properties of V1 neurons. Before delving into the results obtained from these 

aforementioned investigations, I will first briefly introduce the structure and functional 

organisation of the visual system, primarily focusing on that of the mouse and 

specifically, at the level of V1 (Sec. 1.1). I will then proceed to summarise the current 

understanding regarding experience-dependent plasticity in mouse V1, the role of 

silent excitatory synapses in this process, and the key postsynaptic density proteins 

involved during developmental plasticity; the emphasis will be primarily on PSD-95 

which constitutes the main chapters of the thesis, and PSD-93 (Parker et al., 2004; 

Tao et al., 2003), a protein paralogous to PSD-95, exhibiting an opposing influence on 

excitatory synapse maturation (Sec. 1.2). Furthermore, I will focus on the functional 

consequences of experience-dependent plasticity and its link with the development of 

binocular vision and visual behaviour (Sec. 1.3). Finally, I will outline the scope (1.4) 

of the current work within the context of this introductory chapter. 

 

1.1. Organisational and functional principles of the visual system 

The neuronal foundations of visual perception have been a topic of spirited enquiry in 

modern neuroscience. Over the greater half of the 20th century, most of the pivotal 

research surrounding the neurobiology of vision has been conducted on cats and non-

human primates such as macaques. There are some obvious advantages to these 

model systems, given that the visual systems of these species exhibit immense 

similarities to those of humans. These species have forward-facing eyes due to which 

they have a large binocular visual field (Murray, 1973; Heesy, 2004). They also 

possess high visual acuity and segregated parallel pathways in the visual thalamus all 

the way up to V1, which exhibit well-formed ocular dominance and orientation columns 

(Huberman and Niell, 2011). Given the clear advantages of studying vision in these 
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species, one might question the relevance of similar investigations on the mouse. Mice 

are non-foveate, perceive the world at an extremely low resolution ï at around 0.5-2 

cycles/degree (c/d) ï which is orders of magnitude below primates (~60 c/d) (Prusky 

and Douglas, 2004бШTehovnik et al., 2021) and have eyes which are much smaller and 

more laterally displaced (~50Á from the longitudinal axis of the head) compared to 

primates and cats (Remtulla and Hallett, 1985; Tehovnik et al., 2021). Nonetheless, 

even with these drawbacks, the mouse model has contributed foundational insights 

into the mechanics of visual physiology and function over the last two decades. This 

has been possible due to the genetic tractability of mice; this has led to the 

development and implementation of various sophisticated genetic and molecular tools 

to target, map and record from different circuits and cell types (Huberman and Niell, 

1985; Busse, 2018; Niell and Scanziani, 2021). The modern repertoire of tools 

available for neuronal circuit dissection has allowed researchers to hypothesise and 

evaluate causal inferences regarding the functional aspects of different mechanisms 

including in vision research. Investigations towards a functional analysis of the mouse 

visual cortex were pioneered by Niell and Stryker (2008) who illustrated the similarities 

in receptive field characteristics like orientation and direction selectivity, contrast-

invariant orientation tuning and prevalence of both segregated and overlapping spatial 

organisation of receptive field subunits. Later studies also showed the V1 neurons to 

exhibit other properties such as surround-suppression (Van den Bergh et al., 2010), 

spatial frequency tuning (Vreysen et al., 2012), temporal frequency tuning (Camillo et 

al., 2020) and disparity tuning (Chioma et al., 2019, 2020). Given that a substantial 

amount of incoming visual information is processed in the cortex even for non-foveate 

creatures like mice, it is not surprising that mouse vision shares similarities with that 

of primates, which enables the dedicated neuronal circuits to detect salient stimuli and 

guide visually-driven behaviours in their environment (Niell and Scanziani, 2021). 

1.1.1. The mouse visual system 

Much of what will be discussed in the following section has been extensively reviewed 

previously (Busse, 2018; Huberman and Niell, 2011; Niell and Scanziani, 2021; 

Skyberg and Niell, 2024). To begin with, the visual field covered by the laterally placed 

eyes of mice is extensive (Fig 1.1A). Since mouse eyes are tilted upwards, they cover 

a large part of the upper visual field which has a high degree of binocular overlap which 

can be ~40Á (Drªger and Olsen, 1980; Lieberman et al., 2008; Samonds et al., 2019). 
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This also means that the binocular visual field at eye level is quite small, covering 

about half of the upper visual space (Samonds et al., 2019). The classical approach 

of operationalising the visual processing machinery of mice has been to categorise it 

into two major pathways: the retino-collicular and retino-geniculo-cortical pathways. At 

the very first level of computation, the photoreceptor mosaics in the retina converts the 

incoming photons of light passing through the eyes into electrical impulses meant to 

extract different features of the visual scene. This phototransduction step at the level 

of the retina provides the initial constraint to what will be transmitted and processed in 

the later steps of the visual pathway (Huberman and Niell, 2011; Busse, 2018). The 

signals generated in the photoreceptors are filtered further by two retinal interneuron 

types, namely the inhibitory horizontal and amacrine cells which provide feedforward 

and feedback inhibition to the excitatory bipolar cells and retinal ganglion cells (RGCs), 

respectively (Diamond, 2017; Masland, 2001). The resultant signals arising out of 

these complex interactions are transmitted to different cortical and subcortical areas 

via a diverse array RGCs, whose axons together form the optic nerve bundle. At a 

fundamental level, the ability of binocular vision is anatomically possible due to the 

crossing and uncrossing of the RGC axons which carry the resultant two-dimensional 

representations of the visual scene to the respective hemispheres (Cang et al., 2023). 

At the optic chiasm, RGCs originating from the nasal hemiretina (~80%) cross to the 

contralateral side whereas those from the temporal hemiretina (~20%) do not cross 

and project to the ipsilateral side (Drªger and Olsen, 1980). A significant majority (~85-

90%) of RGCs end up projecting to the superior colliculus (SC) via the retino-collicular 

pathway (Ito and Feldheim, 2018). The remaining RGCs project to the dorsolateral 

geniculate nucleus (dLGN), ~80% of which also send axon collaterals to the SC (Ellis 

et al., 2016). Despite receiving a minority of the RGC afferents, the local circuit 

organisation of dLGN plays a key role as the first-order thalamic relay with distinct 

RGC types synapsing onto it. Although dLGN neurons receive input from both retinae, 

they are strongly dominated by inputs from the dominant eye and exhibit strong 

monocularity with only a very small fraction having reliable binocular responses 

(Priebe and McGee, 2014, Kerschensteiner and Guido, 2017; Bauer et al., 2021). The 

majority of dLGN neurons have a standard receptive field structure characterised by 

a centre-surround organisation (Fig. 1.1B) which enables them to respond to 

increments or decrements of light intensity. However, the receptive field structure of 

dLGN differs substantially from that of V1 (Niell and Scanziani, 2021). Unlike in cats 
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and primates, the mouse dLGN does not possess a clear laminar organisation but 

instead can be divided into two biochemically defined subregions: the inner/medial 

portion (the ñcoreò) which projects to the layer 4 of V1 and the medial portion (the 

ñshellò) which projects onto the layers 1-3 of V1 (Busse, 2018). The diverse 

computations performed in mouse V1, described in succeeding sections of this thesis, 

are further transferred downstream to approximately ten retinotopically organised 

higher visual areas which in turn send feedback connections to V1 and have their own 

specialised functions (Wang and Burkhalter, 2007; DôSouza et al., 2016; Sit and 

Goard, 2020; Chioma et al., 2019; Niell and Scanziani, 2021). For the rest of this 

section, I will restrict myself to majorly elaborate on the functional properties of V1 and 

the putative circuit mechanisms underlying them. 

 

 

Figure 1.1. Organisation and functional features of mouse visual pathway 
[adapted from Niell and Scanziani (2021) and Priebe and McGee (2014)]. (A) 
Simplified schematic representation of the retino-geniculo-cortical pathway of mice. 
The horizontal 2D perspective of the visual field is shown with the monocular fields 
(red, contralateral; blue, ipsilateral) being larger than the binocular visual field (purple, 
~40Á). Contralaterally projecting RGCs form the majority of projections in LGN with 
ipsilaterally projecting RGCs consisting of a small but discrete patch. Thalamocortical 
projections from both these regions form the binocular zone of V1. (B) Schematic of 
characteristic responses of ON sustained and OFF transient centre-surround neurons. 
(C) Schematic depiction of a neuronôs preferential activation to a vertical oriented bar 
(left) and rightward moving bar (right) represented by greater spiking activity. (D) 
Depiction of recurrent connectivity in mouse V1. Spatially offset ON and OFF 
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responses to orientations arising from dLGN are represented in L4 and L2/3 neurons 
with distinct orientation preferences. V1 neurons exhibit ólike-to-likeô connectivity with 
similarly tuned neurons having a higher probability to connect with each other. 
Although not exclusively the case, this is true for both feedforward connectivity from 
L4 and recurrent connectivity within L2/3. 

 

1.1.2. The mouse V1: circuits and functions 

Mouse V1 consists of two prominent areas primarily based on the projection patterns 

of dLGN afferents from the ipsilateral and contralateral eye: the monocular zone where 

individual neurons exhibit contralateral eye dominated responses, and the binocular 

zone where stimulation of both eyes elicits visually evoked responses in individual 

neurons (Drªger, 1975; Kalatsky and Stryker, 2003; Wagor et al., 1980). Although 

possessing certain dissimilarities compared to primates and cats, mouse V1 exhibit 

important similarities as well. Like other species, it has a distinct laminar organisation 

with six cytoarchitectonic layers, is retinotopically organised and consists of different 

inhibitory and excitatory neurons which together form canonical connectivity motifs 

and microcircuits (Huberman and Niell, 2011; Niell and Scanziani, 2021). Unlike in 

carnivorous species and primates, rodent V1 was thought to have a ñsalt-and-pepperò 

organisation of orientation preference and ocular dominance (Ohki and Read, 2007). 

Recent investigations, however, suggest the presence of ñmini columnsò which exhibit 

weak but significant clustering of neurons with similar ocular dominance and 

orientation preferences (Goltstein et al., 2023; Kondo et al., 2016; Ringach et al., 

2016). V1 neurons in mice also display similarities in the spatial substructure of 

individual receptive fields when compared to that of primates (Niell and Stryker, 2008). 

In the successive subsections, I will briefly highlight some of the key properties of 

mouse V1 neurons which are important in the context of the later chapters of this 

thesis. 

Orientation selectivity: Orientation selectivity can be defined as a neuronôs 

ñpreferenceò to respond to an edge of luminance oriented only at a particular angle 

(Fig 1.1C, left). Orientation selective neurons were first detected in cats by Hubel and 

Wiesel (1962) and since then, this property has been observed in multiple species 

including mice (Niell and Stryker, 2008). This is one of the most distinguishing features 

of V1 given that very few dLGN neurons show preferences for edges of orientations 

(Piscopo et al., 2013) with most of them being generated in V1. Inactivating V1 does 
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not abolish this property, indicating that cortical feedback connections do not influence 

orientation selectivity in these dLGN relay cells (Scholl et al., 2013). To assess the 

influence of dLGN afferents in bringing about orientation selectivity, thalamic synaptic 

excitation was isolated via simultaneous optogenetic silencing of V1 and performing 

whole-cell recordings from L4 excitatory neurons (Li et al., 2013; Lien and Scanziani, 

2013). These studies revealed the RF structures of individual ON- and OFF-centred 

dLGN afferents impinging on individual L4 V1 neurons to be spatially offset but 

overlapping (Lien and Scanziani, 2013) along with a linear amplification of 

thalamocortical excitation in the V1 excitatory intracortical circuits by about threefold 

(Li et al., 2013). This further implied that the amalgamation of dLGN inputs with distinct 

RFs bestows the ability of single L4 V1 neurons to compute features in a visual scene 

that are not necessarily captured by a single dLGN neuronôs input onto it. These 

studies provide experimental evidence for this idea which was already proposed 

decades ago by Hubel and Wiesel (1962). However, other mechanisms governing the 

emergence of orientation selectivity have been proposed like the convergence of 

dLGN inputs of the same polarity along the preferred orientation (PO) (Chapman et 

al., 1991; Niell and Scanziani, 2021), inheritance of orientation selectivity from 

subcortical structures as observed in lagomorphs (Barlow et al., 1964; Levick, 1967) 

and carnivores (Boycott and Wªssle, 1974), and an amalgamation of both subcortical 

inheritance and dLGN spatial RF combination (Scholl et al., 2013). Recent 

investigations have also focused on delineating the functional connectivity underlying 

the emergence of orientation selectivity (Fig. 1.1D). Although the main inputs in V1 

from the visual periphery are the dLGN afferents, they only account for ~30% of the 

total inputs in mice (Li et al., 2013) and do not provide the main excitatory drive that is 

requisite for feature encoding in V1 neurons. Instead, recurrent excitatory connections 

within the cortex provide most of the excitatory drive needed. A general framework 

related to functional connectivity within the cortex (Chapman et al., 1991; Hubel and 

Wiesel, 1962) that has emerged is the idea of ñlike-to-likeò connectivity among neurons 

with similar receptive field properties (Niell and Scanziani, 2021; Yoshimura et al., 

2005). Studies have indicated that the probability of connections between L2/3 

excitatory neurons is greater which have similar orientation preferences (Cossell et 

al., 2015, Ko et al., 2013). These neurons having recurrent connections between each 

other are also more likely to receive inputs from the same L4 neurons tuned to the 

same orientation (Rossi et al., 2020). However, this property was observed in about a 
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third of the cortical interlaminar population while the rest have recurrent connections 

with other neurons tuned to mismatched orientations (Wertz et al., 2015). Since 

neurons also receive inputs from other inter- and intralaminar neurons with divergent 

orientation preferences, both neuronal and synaptic excitation tuning can be broad. 

The sharpening of orientation selectivity and possibly other receptive parameters can 

be due to the supralinear relationship between excitatory postsynaptic potentials and 

spiking activity and cortical inhibition (Niell and Scanziani, 2021). Due to the 

supralinearity, the input dynamic range is expanded; the maximum visually evoked 

excitatory postsynaptic potential will trigger spiking at the postsynaptic neuron while 

the smaller postsynaptic potentials would maintain the neuronôs activity at 

subthreshold levels (Liu et al., 2011; Priebe and Ferster, 2008). Parvalbumin-positive 

(PV+) interneurons provide the main source of inhibition to cortical neurons. Synaptic 

inhibition arising from these neurons exhibits much broader tuning compared to 

synaptic excitation. This balance between synaptic inhibition and excitation 

dynamically changes in response to different orientations with a substantial bias 

towards excitation at the PO (Liu et al., 2011). Long-term decrease of ɔ-Aminobutyric 

acid (GABA) led to higher response amplitudes at non-preferred orientations in mouse 

L2/3 V1 neurons which resulted in a decrease in orientation selectivity but not direction 

selectivity (Hagihara and Ohki, 2013). Along with highlighting the important role of 

optimal excitation-inhibition (E-I) balance in the development of optimal orientation 

selectivity, it also highlights the role of differential effects of inhibition on tuning of 

different features computed in V1 neurons. 

Direction selectivity: Another important feature of V1 neurons is their ability to 

respond preferentially to the motion of edges and dots/patches of differing luminance 

(e.g., gratings) oriented at specific angles, termed as direction selectivity (Fig. 1.1C, 

right). This property was first observed along with orientation selectivity in cats (Hubel 

and Wiesel., 1959, 1962) and later also observed in mice (Niell and Stryker, 2008). 

Due to the cooccurrence of the temporal and spatial factors in such stimuli, V1 neurons 

need to code for both these dimensions. Studies for the cat V1 showed that both 

nonlinear and linear mechanisms act in synchrony for direction selectivity to emerge 

(Reid et al., 1987). Recent investigations in the mouse V1 using a similar optogenetic 

V1 inactivation approach (as for orientation selectivity) showed that convergence of 

distinct spatial and temporal RFs of dLGN neurons gives rise to direction selectivity in 
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L4 V1 neurons (Lien and Scanziani, 2013). Direction selective L4 neurons are 

recipients of both spatially offset transient and sustained dLGN inputs; when a drifting 

visual stimulus moves in the preferred direction, it first passes the RF of the dLGN 

neuron exhibiting a sustained response and then through the one with the transient 

response, ensure an optimal linear summation. For non-preferred directions, the 

stimulus first passes through the RF of dLGN neurons with a transient response 

leading to reduced summation (Lien and Scanziani, 2018). Direction selectivity has 

also been shown to be refined by the spatial RF offset of dLGN neurons with excitatory 

and inhibitory synaptic conductances, attributed to a slight mismatch between 

overlapping excitatory and inhibitory RFs (Li et al., 2015). This is complemented by 

offsets in spatial (retinotopic) positions of the presynaptic excitatory and inhibitory 

neurons impinging on a particular direction selective cell in L4 V1 (Rossi et al., 2020). 

The emergence of direction selectivity in V1 is mostly independent of the direction 

selectivity emerging in a small proportion of cells in the retina, except for preference 

for posterior motion which is possibly inherited from the retina (Cruz-Mart²n et al., 

2014; Hillier et al., 2017; Vaney et al., 2012). As for orientation selectivity, recurrent 

excitation has also been shown to influence the emergence and refinement of direction 

selectivity (Suarez et al., 1995; Li et al., 2013). 

Contextual modulation: Individual visual properties (e.g., size, colour, contrast, etc.) 

of objects is highly influenced by the overall context of a visual scene, i.e., the 

surrounding visual information of the object being attended to (Albright and Stoner, 

2002). Recent investigations are slowly beginning to shed light on the physiological 

mechanisms underlying the encoding of contextual information in a visual scene. 

Stimuli presented in the surrounding regions of a neuronôs RF can modulate the final 

response of a neuron by suppressive action, a property which is termed as surround 

suppression (Van den Bergh, 2010). For example, the progressive increase of stimulus 

size can have a net inhibitory effect by overshadowing excitation in L2/3 neurons if the 

stimulus happens to be bigger than or positionally away from an individual neuronôs 

RF (Haider et al., 2013). Inhibitory interneurons like PV, vasoactive intestinal peptide 

(VIP) and somatostatin (SOM) positive cells have all been implicated in bringing about 

this inhibitory effect onto excitatory neurons, which altogether form canonical circuit 

motifs in V1 (Adesnik et al., 2012; Keller et al., 2020a). SOM+ cells in fact exhibit 

increased activity with increase in stimulus size thus inhibiting VIP and excitatory 
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neurons it sends afferents to (Keller et al., 2020a). This leads to SOM-projecting VIP 

neurons to inhibited thereby increasing the inhibitory tone on the recipient excitatory 

neuron, thus contributing to surround suppression. However, in cases where the 

surround is composed of contrasting orthogonally oriented gratings for instance 

(cross-oriented surround), there is little surround suppression due to greater inhibitory 

tone of VIP+ neurons onto recipient SOM+ cells (Keller et al., 2020a; Nurminen et al., 

2014). This ultimately leads to disinhibition of the excitatory neurons, which might be 

the basis for such stimuli perceptually being more salient. Interestingly, stimuli present 

in the surround (outside the neuronôs RF) can also be excitatory if there is no stimulus 

present in the RF, mediated by feedback projections onto V1 neurons from higher 

visual cortical areas (Keller et al., 2020b; Schnabel et al., 2018; von der Heydt et al., 

1984). At a perceptual level, it can potentially facilitate the saliency of background cues 

when the attended object is occluded (Lien and Scanziani, 2013). 

Visually driven behaviour: Even with the constraints of the mouse visual system 

(e.g., low spatial resolution, lack of prominent ocular dominance and orientation 

columns in V1) compared to higher order species, mice can use their visual sense to 

ascertain the nature of movement of aerial predators (either approaching or looming 

overhead) which in turn, drive optimal selection of defensive and escape strategies 

(De Franceschi et al., 2016; Yilmaz and Meister, 2013). Mice have been also shown 

to substantially rely on the visual sense for optimal predatory hunting by employing a 

ñsaccade-and-fixateò strategy of coupled eye-head movements and maintaining a 

neutral vergence of eye movements during active approaches towards its prey (Hoy 

et al., 2016; Michaiel et al., 2020). By utilising the mouse as a model system over the 

last two decades, a clearer understanding of the link between visual circuits and 

visually guided behaviours is slowly beginning to emerge (Katzner et al., 2019). Using 

a classical conditioning-based paradigm such as the contrast detection task, it was 

observed that reversible optogenetic inactivation of V1 (by activation of PV+ cells) led 

to impaired contrast detection performance (Glickfeld et al., 2013). In another study 

with mice trained in an orientation discrimination task, V1 neurons were observed to 

improve their response characteristics like orientation tuning and contrast sensitivity, 

even preceding the observed behavioural refinement at later stages of learning (Jurjut 

et al., 2017). L2/3 V1 neurons have also been shown to code for novelty, characterised 

by an increase in responsiveness during the presentation of a novel stimulus versus 
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a familiar one (Homann et al., 2022). This feature is important for adapting oneôs 

behavioural output in the face of unpredictable perturbations. In another variant of the 

visual discrimination task using random dot kinematograms, it was found that L2/3 V1 

neurons exhibit tuned direction selective responses while the mouse made correct 

choices in the task, signifying the integration of temporal and spatial aspects of motion 

information in V1 neurons (Marques et al., 2018). Additionally, active behavioural 

states in terms of greater pupil dilations systematically shifts the colour tuning of V1 

neurons in the upper visual field to higher ultraviolet sensitivity, a feature which might 

have implications for better detection of aerial predators (Franke et al., 2021). To 

understand the behavioural relevance of V1 circuit mechanisms probed from both 

head-fixed anesthetised and awake mice, one needs to parameterise the behavioural 

space that the mouse potentially possesses. With the combination of recent 

technological advances and ingenious experimental designs driving neuroscience 

research, this is now achievable in both awake head-fixed conditions and in freely 

behaving mice. For example, by using ecologically inspired artificial stimuli which 

mimic the optic flow experienced while traversing through grassy stretches, Dyballa et 

al. (2018) showed that V1 neurons exhibited highly selective responses to orientation 

and direction at spatial frequencies much higher than previously reported using 

standard static or drifting gratings. Using the prey capture paradigm, it has also been 

preliminarily noted that V1 neurons at a network level also encode distance-to-prey 

information, potentially signifying the integration of depth cues in the V1 network 

(Guggiana et al., 2020). Utilising another ethologically relevant visuomotor task ï 

where mice jump across a variable gap ï both binocular and monocular zones of V1 

were found to be involved in the accurate estimation of distance information (Parker 

et al., 2022a). Recent data from freely moving mice have comprehensively shown that 

V1 neurons multiplicatively modulate their responses depending on the gaze position 

and orientation of the eye and head respectively, preferentially to gaze-shifting eye or 

head movements (Parker et al., 2022b, 2023). These studies together imply the 

contribution of V1 neurons in visual information processing and the different 

environmental variables that can modulate the spatial and temporal dynamics of the 

neuronal responses. 

Nonvisual computations: Along with mouse V1ôs significant role in visual information 

processing and related computations, studies over the years have also shed light on 
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V1ôs ability to integrate nonvisual signals like locomotion, navigation arousal and 

vestibular signals (Niell and Scanziani, 2021). Movement-related signals arising out of 

locomotory behaviours in different higher level cortical areas have been observed to 

modulate the gain of the neuronal response of V1 neurons to visual stimuli and also 

even in the absence of visual inputs (Niell and Stryker, 2010). In relation to this, speed 

and movement direction of the mouse have also been observed to play a role in 

generating mismatch signals when the visual input is in conflict to what is expected 

during locomotion (Leinweber et al., 2017). Vestibular signals arising out of head 

movements relative to the visual scene have also been known to modulate V1 

neuronal responses across all layers (Bouvier et al., 2020). These aspects of the 

functional repertoire of V1 neurons have been further probed and recapitulated in more 

detail using freely moving mice with simultaneous electrophysiology and eye tracking 

(Meyer et al., 2018; Parker et al., 2022b). The encoding and decoding of such a 

diverse array of nonvisual representations are thought to play a crucial role in driving 

contextually suitable behavioural outputs. 

 

1.2. Experience-dependent plasticity: the critical period of development 

How we perceive and interact with the world around us is shaped by our experiences 

which at a rudimentary level, are composed of various pieces of information about 

oneôs environment gathered primarily through our senses. These sensory percepts 

can profoundly shape and alter the structure and function of neuronal circuits in the 

brain. The extent of this experience-dependent transformation of neural circuits varies 

over the course of oneôs lifetime. The most striking changes in the brain take place 

early during development for a temporally restricted period that varies between 

sensory modalities and specific RF properties across species (Changeux and 

Danchin, 1976). These periods of heightened plasticity have been termed as critical 

periods of development (Scott, 1962; Hensch, 2004, 2005; Issac et al., 1995, 1997). 

The plausibility of this notion in neurobiology was perhaps first given credence most 

prominently by Charles Stockard (1921) when he and his colleagues observed that 

the generation of one-eyed fish embryos was not due to the applied chemical 

treatment but rather the developmental timeframe when it was applied, irrespective of 

what the chemical was. For example, learning a second language before adolescence 
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leads to a greater probability of achieving native-like fluency (Johnson and Newport, 

1989) while most individuals who started learning the language after 15 years of age 

were unable to speak in a native-like accent (Flege et al., 1995). Modifying early visual 

experience in barn owls have been shown to also change the relationship between 

representations in the auditory space and visual localisation of objects (Miller and 

Knudsen, 1999). Certain forms of learning that take place during these CPs cannot be 

relearned if deprived of the necessary experience in early life such as filial imprinting 

(Lorenz, 1937; Knudsen, 2004). Similarly, male zebra finches who typically acquire 

their song repertoire during their CP (25-65 days after hatching) by imitating 

conspecific birds (Immelmann, 1967), fail to refine their song ótemplateô if deprived of 

such auditory experience during CP (Gobes et al., 2019). Indeed, as studies from 

different species have pointed out, experience during these critical periods are 

requisite for optimal connectivity and functionality of the neural circuits and networks 

underlying mechanisms of sensory perception to behaviour (Voss, 2013). 

Although CPs in cortical circuits have been studied in different sensory systems, it is 

best delineated in the visual cortex, thanks to the pioneering experiments by Wiesel 

and Hubel (1963a, 1963b). Based on electrophysiological recordings from the cat 

visual cortex, they established that visually depriving kittens led to dramatic 

histological and physiological changes in different vision-related areas including the 

visual cortex. Given the projections from the ipsilateral eye are sparse compared to 

those from the contralateral eye to the binocular zone of V1 (bV1), the overall 

population and majority of single neuron responses tend to be more responsive to the 

contralateral eye, a phenomenon which came to be termed as ñocular dominanceò 

(Drªger, 1975; Hubel and Wiesel, 1962; Hubel et al., 1976). In Hubel and Wieselôs 

experiments, they observed an attenuation of visually evoked responses in the cat 

visual cortex when the deprived contralateral eye (in relation to the hemisphere being 

recorded from) was presented with a visual stimulus following weeks of monocular 

deprivation (MD). This shift of responsiveness of neuronal ensembles from the initial 

contralateral dominance towards the open eye was termed as ocular dominance 

plasticity (ODP). In mice, during the CP for ODP which is approximately from postnatal 

days (P) ~19 to ~32 (Gordon and Stryker, 1996), a brief 4-day MD leads to an OD-

shift from the contra- to the ipsilateral eye (Drªger, 1978), recapitulating similar 

observations in kittens (Wiesel and Hubel, 1963a, 1963b; Mioche and Singer, 1989). 
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Interestingly, with longer durations of MD, homeostatic plasticity mechanisms 

bidirectionally drive increases in the deprived eye responses along with the 

strengthening of open eye responses in V1, thus preserving the net visual drive on 

each neuron (Frenkel and Bear, 2004; Mrsic-Flogel et al., 2007). Further investigations 

utilising visually evoked potential electrophysiological recordings and intrinsic signal 

optical imaging, have also revealed the existence of adult plasticity wherein a 7-day 

MD in adult mice led to an increase in visually driven responses via the open eye in 

V1 (Lehmann and Lºwel, 2008; Sato and Stryker, 2008; Sawtell et al., 2003; Tagawa 

et al., 2005). 

1.2.1. Circuit mechanisms underlying CP in V1 

CP-mediated plasticity in the visual system has been extensively probed over the 

years and providing a glimpse of the circuitries implicated to play a part during these 

sensitive periods of development. In mice, experience dependent plasticity has been 

observed in the major thalamic and subthalamic areas of visual processing like dLGN 

(Sommeijer et al., 2017) whose strongest projections are to L4 of V1 and in SC (Hu et 

al., 2024), where a subset of SC neurons are also recipients of top-down corticofugal 

projections arising from V1 (Wang et al., 2013). One of the most prominent and well-

characterised changes takes place in the circuits in V1 where CP influences 

intracortical connectivity (Hooks and Chen, 2020). Based on functional mapping 

assays, it is known that inhibitory and excitatory connectivity in mouse V1 is spatially 

balanced across the intralaminar and translaminar pathways although excitatory 

pyramidal neurons greatly outnumber inhibitory interneuron populations (Xu et al., 

2016). In the following sub-sections, I will briefly delineate the mechanisms underlying 

inhibitory and excitatory circuit maturation in mouse V1 during CP plasticity. 

Inhibitory circuit maturation: Experience-dependent refinements of V1 cortical 

circuits are initiated with the dominance of the contralateral eye inputs expressed at 

~P14 before eye opening (Espinosa and Stryker, 2012). GABAergic inhibitory 

interneuron populations are a minority (~10-15%) with the remaining neurons being 

excitatory in nature in the cortex (Tremblay et al., 2016). However, they act as 

important regulators in the opening of CP for ODP. Using mice lacking GAD-65 ï one 

of the two isoforms of glutamic acid decarboxylase (GAD) which together synthesise 

GABA ï and characterised by reduced evoked GABA release, Hensch et al. (1998) 
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observed that while the receptive field properties remained comparable to WT mice, 

short-term MD did not induce any effect in V1. This finding essentially indicated that 

CP did not open to begin with. The argument for inhibition driving CP initiation was 

further strengthened with the observation that administration of Diazepam, a 

benzodiazepine which enhances GABA-mediated synaptic transmission, could open 

a CP-like period of susceptibility after a brief MD at any given age, but only once, in 

these GAD65-KO mice (Fagiolini and Hensch, 2000). A follow-up study further 

revealed that Ŭ-subunits of GABAA receptors drive cortical plasticity after MD while ɓ-

subunits of these receptors regulate neuronal firing (Fagiolini et al., 2004). It is now 

known that there is an interlaminar difference in inhibitory circuit maturation: while L4 

GABAergic inputs to excitatory neurons are reinforced during ~P12-P21, before the 

classical onset of CP in mice, L2/3 inputs are strengthened later during the critical 

period (Jiang et al., 2010). Curiously, GAD65 KO mice also exhibited reduced levels 

of NR2A subunit expression of N-methyl-D-aspartate (NMDA) receptors (Kanold et al., 

2009). On that note, the increased inhibitory tone is known to correlate with increased 

experience-dependent NR2A expression during CP in rat V1 (Carmignoto and Vicini, 

1992; Quinlan et al., 1999). The evoked activity of binocular excitatory neurons was 

observed to substantially but transiently reduce and gradually go back to basal levels 

over 24 hours after MD (Kuhlman et al., 2013). During this period, PV+ GABAergic 

cells transiently exhibited lesser responsiveness, a feature that was only observed 

during CP. The same study further stated that pharmacogenetic reduction or 

amplification of PV+ activity led to the extension or reduction of CP duration, 

respectively (Kuhlman et al., 2013). SOM+ interneurons provide strong inhibition to 

PV+ cells in L2/3 around this developmental timeframe and weaken during the late 

stage of CP (after ~P28) which coincides with the maturation of glutamatergic inputs 

in L2/3 and L4 inputs to L2/3; blocking SOM+ cells during this period restricted 

binocular RF development (binocular matching deficit) potentially by impairing the 

maturation of ipsilateral projections to V1 (Yaeger et al., 2019). The same study also 

implicated the role of cholinergic modulation of SOM+ cells and pyramidal neurons, 

where acetylcholine (ACh) secreted from the basal forebrain during heightened 

arousal activates SOM+ cells. Activation of SOM+ cells has been shown to induce 

concomitant dendritic inhibition of learning-induced calcium spikes in specific apical 

dendritic branches of L5 pyramidal neurons in the motor cortex (Cichon and Gan, 

2015). Localised branch-specific dendritic activity, backpropagating dendritic signals 
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and ACh-induced activity together have a significant impact in the induction of plasticity 

in the developing cortex and perturbations in these mechanisms can lead to shifts in 

inhibition-related plasticity rules (Losonczy et al., 2008; Makara et al., 2009; Yaeger et 

al., 2019). So-called ñplasticity brakesò, like the Lynx1 gene encoding the protein 

Ly6/neurotoxin 1, have an increased expression in PV+ V1 neurons during CP and 

knocking out this gene has been shown to prevent the closure of CP (Morishita et al., 

2010), essentially suggesting certain circuits in V1 become less sensitive to cholinergic 

input during CP (Hooks and Chen, 2020). By accelerating the expression of brain-

derived neurotrophic factor (BNDF), inhibitory drive via GABAergic innervation was 

accelerated, which concurrently resulted in a precocious maturation of visual acuity 

and closure of CP (Huang et al., 1999). Interestingly, endogenous BNDF, together with 

neural activity has been shown to influence Ŭ-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor trafficking into excitatory synapses without 

affecting NMDA-mediated transmission; mice with BNDF knocked out did not express 

AMPA receptors (AMPAR) in the postsynapse even after CP with only NMDA receptors 

being present (Itami et al., 2003). This is essentially a crucial hallmark of CP, wherein 

AMPAR-silent synapses (only containing NMDA receptors) are abundant, thereby 

making these synapses impervious to neuronal activity and therefore activity-

dependent synaptic plasticity. Altogether, it is evident that inhibition influences network 

activity in concert with excitatory mechanisms making them inseparably intertwined. 

In the next sub-section, I will iron out the importance of excitatory synapse maturation 

during CP. 

Excitatory circuit maturation: The major supragranular layer excitatory connections 

within V1 are L4 Ÿ L2/3 and interconnections within L2/3. Infragranular layer 

connections are majorly reciprocal L2/3 Ÿ L5 and L5 Ÿ L2/3 connections (Hooks and 

Chen, 2020). By the time of CP onset, intracortical excitatory synapses specifically 

undergo experience-dependent short-term synaptic plasticity for the excitatory 

circuitry to be primed for CP-mediated refinements (Miao et al., 2016). To 

operationalise the mechanistic principles underlying excitatory network maturation 

during CP, a model has been proposed where synapses are classified into two distinct 

categories: innate synapses which are formed to establish the fundamental network 

architecture, and ñgestaltò synapses which form the synaptic basis for experience-

dependent refinement of excitatory connections (Xu et al., 2020a). According to this 
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conceptualisation, the innate AMPAR containing synapses facilitate fast synaptic 

transmission to bring about the rudimentary network connectivity and functionality 

while the gestalt synapses only contain NMDARs but not AMPARs (hence ñAMPAR-

silentò) (Issac et al., 1995; Liao et al., 1995) during the nascent stages of development. 

NMDARs act as coincidence detectors: they need both presynaptically released 

glutamate binding on the receptor and postsynaptic depolarisation, a part which is 

mostly mediated by the AMPARs. NMDARs contain a Mg2+ ion deep within the channel 

which blocks inward current flow at the resting membrane potential of a neuron; this 

blockade is removed once the neuron undergoes postsynaptic depolarisation (Mayer 

et al., 1984; Qian et al., 2002). Hence, only presynaptically released glutamate binding 

is not enough to elicit excitatory postsynaptic potentials (EPSCs), rendering these 

nascent gestalt synapses mostly impervious to synaptic transmission. Experience-

dependent induction of long-term potentiation (LTP) leads to the initial incorporation of 

Ca2+ permeable, inwardly rectifying AMPARs lacking GluA2 subunits in these silent 

synapses which in turn facilitates the postsynaptic depolarisation, thus removing the 

Mg2+ block from NMDARs upon simultaneous binding of glutamate onto the receptor 

(Morita et al., 2014). The resulting Ca2+ influx leads to the initiation of Ca2+-dependent 

signalling cascades which in turn facilitate the replacement of GluA2-lacking AMPARs 

with non- or outwardly rectifying GluA2-containing AMPARs (Morita et al., 2014). The 

incorporation of the appropriate AMPARs in the postsynaptic compartment enables 

the neuron to respond to AMPAR-mediated presynaptic glutamate release at the 

resting membrane potential (Issac et al., 1995; Liao et al., 1995). The experience-

dependent maturation of silent synapses is a direct consequence of GluA-containing 

AMPARs being incorporated and stabilised at the postsynapse during CP, ultimately 

leading to an increase in functional gestalt synapses by the time of CP closure for ODP 

(Favaro et al., 2018; Huang et al., 2015; Xu et al., 2020a). The case for sensory 

experience being requisite for silent synapse maturation is further strengthened by 

observations showing the persistence of silent synapses even after CP in dark-reared 

mice, with the decline of silent synapses taking place only after exposure to visual 

experience (Favaro et al., 2018; Funahashi et al., 2013). The total number of excitatory 

synapses decreases during CP due to synaptic pruning of non-functional connections 

via long-term depression (LTD) which keeps AMPAR-mediated transmission at an 

equilibrium (Han et al., 2017; Nªgerl et al., 2004; Zhou et al., 2004). These findings 

highlight the crucial role of AMPAR-silent synapse maturation for appropriate 
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functionality of glutamatergic synapses, a process which is heavily dependent on 

sensory experience during CP for ODP. At a functional level, silent synapses act as 

synaptic opportunities to establish appropriate experience-dependent connections in 

a neural network with the unsilencing of a synapse increasing its potency and 

probability of being matured and consolidated (Favaro et al., 2018; Xu et al., 2020). 

1.2.2. Postsynaptic density and CP regulation 

One might wonder what are the molecular regulators of experience-dependent 

plasticity that govern the unsilencing, maturation and stabilisation of these 

glutamatergic AMPAR-silent synapses. Recent investigations have identified two key 

paralogous postsynaptic density proteins that play opposing roles in AMPAR-silent 

synapse maturation during CP for ODP (Favaro et al., 2018; Huang et al., 2015). The 

next few sub-sections will further delineate the nature of and relationship between 

these two proteins, which will form the crux of the investigations described in this 

thesis. 

 

 

Figure 1.2. Opposing roles of PSD-95 and PSD-93 on silent synapse maturation. 
(A) Schematic representation of nascent synapses lacking AMPARs which become 
mature synapses by gaining AMPARs via experience-dependent synaptic activity, 
putatively mediated by the mutually opposing function of the paralogous proteins PSD-
95 and PSD-93. Adapted from Lºwel (2020). (B) Schematic representation of change 
in the percentage of AMPAR-silent synapses in V1 L4ŸL2/3 connections as a function 
of age before, during and after CP for ODP. WT mice show a progressive reduction of 
silent synapses through CP with very few remaining in adulthood. PSD-95 KO mice 
maintain juvenile-like proportions of silent synapses even in adulthood and PSD-93 
KO mice show a precocious maturation of silent synapses well before CP closure. 
Adapted from Favaro et al. (2018) and Huang et al. (2015). (C) ODP does not persist 
after CP closure in WT mice with short-term (4-day) MD. PSD-95 KO mice exhibit 
persistence of juvenile-like CP for ODP even in late adulthood whereas CP for ODP 
closes precociously in PSD-93 KO mice. Adapted from Favaro et al. (2018), Huang et 
al. (2015) and Lºwel (2020). 
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PSD-95: PSD-95 is a member of the membrane-associated guanylate kinase 

(MAGUK) family of PDZ domain-containing proteins, encoded by the gene DLG4 

(discs large homolog 4). PSD-95 is known to directly interact with NMDARS via the C-

terminal PDZ binding motif (Kornau et al., 1995; Sheng, 1996) and AMPARs via 

another intermediary protein stargazin (Chen et al., 2000). PSD-95 is contained in 

~50% of the excitatory synapses located on morphologically mature spines, hinting 

towards a degree of specificity in its localisation (B®µque et al., 2006; Huang et al., 

2015). The function of PSD-95 has been deemed to be like that of LTP since its 

expression also increases the amplitude and frequency of mini EPSCs (mEPSCs) 

(Stein et al., 2003). In relation to this, the knockdown of PSD-95 led to high spine 

turnover and maintained increased levels after LTP, indicating the requirement of PSD-

95 for activity-dependent synapse stabilisation (Elias et al., 2006; Ehrlich et al., 2007; 

Schl¿ter et al., 2006). Conversely, overexpression of PSD-95 occluded LTP and 

enhanced LTD (B®µque and Andrade, 2003; Favaro et al., 2018; Stein et al., 2003). 

PSD-95 also affects synaptic scaling, a homeostatic plasticity mechanism where 

mEPSC amplitude is controlled bidirectionally, primarily by regulating postsynaptic 

AMPAR accumulation to compensate for unconstrained potentiation of neuronal 

activity (Turrigiano, 2008; Sun and Turrigiano, 2011). Enhanced or reduced expression 

of PSD-95 led to a blockage of scaling down but was not necessary for scaling up 

suggesting the role of PSD-95 in regulating the homeostatic accumulation of 

postsynaptic AMPARs via distinct protein-protein interactions (Sun and Turrigiano, 

2011). The expression of PSD-95 is dramatically increased in V1 dendrites ~6 hours 

after eye opening in a visual experience-dependent manner and reaches ~80% of its 

peak expression by CP closure (Huang et al., 2015; Yoshii et al., 2003). The 

expression profile of PSD-95 also correlates with the gradual reduction of silent 

synapse proportions in mouse V1 through CP (Favaro et al., 2018; Huang et al., 2015). 

Although juvenile PSD-95 KO mice exhibited normal WT-like ODP (Fagiolini et al., 

2003), the scenario was radically different in the adults (Huang et al., 2015). Adult 

PSD-95 KO mice displayed elevated juvenile-like proportions of AMPAR-silent 

synapses along with the preservation of ODP even in late adulthood, well up to ~P480 

(Huang et al., 2015). The nature of ODP in these KO mice exhibited hallmarks of 

juvenile-like ODP in four major ways: (i) short-term MD (~4 days) was sufficient to 
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induce OD shifts to the non-deprived ipsilateral eye, (ii) MD induced a decrease in 

optically imaged V1 activity to the deprived eye with visually evoked activity via the 

non-deprived ipsilateral eye remaining unchanged, (iii) OD-shifts were transient given 

that reopening the deprived eye restored contralateral dominance which is typically 

the case in nondeprived mice (Huang et al., 2015) and (iv) dendritic L2/3 spine 

dynamics in bV1 of adult PSD-95 KO mice were juvenile-like, characterised by a net 

reduced spine density and doubled elimination of newly formed spines (Yusifov et al., 

2021). Additionally, the consequences of knocking out PSD-95 on silent synapse 

fractions, ODP and L2/3 spine dynamics were cell-autonomous; knockdown of PSD-

95 solely in mouse V1 recapitulated all the phenotypes observed even in single 

neurons in the KO scenario (Yusifov et al., 2021). Crucially, no changes were observed 

in the inhibitory tone onto L2/3 excitatory neurons in the adult V1: diazepam application 

ï used to enhance GABAergic tone to trigger ODP in pre-CP mice and conversely, 

block ODP after natural reduction of inhibition in adults ï failed to abolish ODP (after 

7-days MD) in the adult KO mice unlike in WTs where it was completely abolished 

(Huang et al., 2015). Loss of PSD-95 also resulted in fewer proportions of orientation-

preferring cells in V1 (Fagiolini et al., 2003). In terms of visual behaviour, knocking out 

PSD-95 led to poor orientation discrimination while exhibiting WT-level visual acuity 

as assessed by the visual water task (Favaro et al., 2018). These results altogether 

conclude the importance of PSD-95 in facilitating the maturation and stabilisation of 

AMPAR-silent synapses, ultimately leading to optimal cortical development without 

directly/indirectly affecting inhibitory mechanisms. 

PSD-93: The DLG2 gene encodes the protein PSD-93, a paralog of PSD-95, which is 

also enriched at the postsynaptic density of excitatory synapses and co-expresses 

with PSD-95 in the same synapses (Favaro et al., 2018). Of late, PSD-93 has been 

found to interact with a number of other proteins at the postsynapse (Griesius et al., 

2022). Some studies found impairments in LTP with the loss of PSD-93 in the 

hippocampus (Carlisle et al., 2008; Griesius et al., 2022; Yoo et al., 2020) which is in 

opposition to PSD-95 function where removal of PSD-95 disrupted LTD but enhanced 

LTP (Carlisle et al., 2008). Sun and Turrigiano (2011) found that accumulation of PSD-

95 was not altered with upward or downward synaptic scaling suggesting the 

differential role of MAGUKs in the face of unconstrained activity potentiation. DLG2 

deletion also caused faster denervation of neuronal cholinergic synapses in the 
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ganglia implying its role in synaptic stability (Parker et al., 2004). Six distinct isoforms 

of PSD-93 have been implicated in fine-tuning signalling scaffolds for regulating the 

strength of excitatory synaptic transmission (Kr¿ger et al., 2013). PSD-93 KO mice 

exhibited hypoactivity in novel environments, reduced social approach behaviours and 

excessive grooming (Yoo et al., 2020). In terms of its role in V1 and silent synapse 

maturation, reduced PSD-93 expression leads to a precocious closure of CP for ODP 

in a cell-autonomous manner, physiologically characterised by a faster decline of 

AMPAR-silent synapse fractions and orientation discrimination deficits while maintain 

WT-level visual acuity (Favaro et al., 2018). This suggests that PSD-93, contrary to 

PSD-95, prevents the precocious maturation of glutamatergic synapses so that 

experience can optimise them. 

Based on the current state of the art which I briefly elucidated in the preceding 

sections, it is evident that PSD-95 and PSD-93, while having mutually opposing roles, 

act together to preserve the optimal functionality of excitatory synapses, particularly 

characterised by the maturation and stabilisation of AMPAR-silent synapses (Favaro 

et al., 2018). Given that these proteins have differential but somewhat overlapping 

effects on synapse function, removing both these proteins have been shown to block 

homeostatic scaling up of neuronal activity (Sun and Turrigiano, 2011), reduce mEPSC 

amplitudes, and lead to the visual deficits described above, along with increased 

mortality (Favaro et al., 2018). This highlights the importance of the diversification of 

glutamate receptor complex proteins as paralogs which enables specific and 

specialised functionalities of these proteins in more complex organisms (Emes and 

Grant, 2012; Favaro et al., 2018, Nithianantharajah et al., 2013). 

 

1.3. Functional consequences of visual CP in mice 

Advancements in methodological approaches have broadened the horizons for asking 

and investigating important questions in the field. Imaging of neuronal activity in awake 

organisms with simultaneous perturbations in their environment has now become 

possible with the advent of 2-photon calcium imaging (Denk et al., 1990). This method 

uses 2-photon microscopy to image calcium activity (an indirect readout of neuronal 

activity) from cells expressing fluorescent genetically encoded calcium indicators 

(GECIs), which are essentially genetic fusions of a calcium-binding protein and a 
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fluorophore (Grienberger et al., 2022). One of the most well-known and used GECI is 

GCaMP, composed of green fluorescent protein (GFP), calmodulin (CaM) and myosin 

light-chain kinase peptide M13 located at the N-terminus of the synthetic protein 

(Nakai et al., 2001). In the presence of calcium, the CaM domain undergoes a 

confirmational change and binds with M13 which leads to deprotonation of GFP which 

in turn leads it to fluoresce (Wang et al., 2008). The GCaMP sensor has since 

undergone extensive iterative modifications enabling the stable imaging of neural 

ensembles at faster timescales and over multiple days (Zhang et al., 2023). At the 

same time, in behavioural research, a progressive shift towards probing ethologically 

relevant behaviour is enabling researchers to better assess correlational and causal 

connections between naturalistic behaviour and brain function (Kennedy, 2022). 

Additionally, the advent of deep learning-based marker-less tracking tools like 

DeepLabCut (Mathis et al., 2018; Lauer et al., 2022), S-LEAP (Pereira et al., 2022) 

and others have led to unprecedented levels of sophistication in designing complex 

behavioural experiments and analysis pipelines. On that note, the combination of 2-

photon Ca2+ imaging using miniscopes and naturalistic behavioural assays have 

greatly informed vision research over the last two decades. 

As I have described in the preceding sections, the critical period of development is in 

direct conjunction with several processes taking place at the molecular and neural 

circuit/network levels, the ultimate objective of which is to shape, refine and stabilise 

crucial functions necessary for the optimal development and survival of the organism. 

One of the areas that have received a lot of attention in understanding the role of CPs 

is in the context of vision. In the following sub-sections, I will briefly expound on the 

functional consequences of CP in the context of binocular vision and visual behaviour, 

some of which have been probed using methods I briefly mentioned and will be part 

of the main enquiries in this thesis. 

1.3.1. Development of binocularity in V1 

As mentioned in the preceding section (1.2), contralateral and ipsilateral afferents from 

the dLGN impinge on neurons in V1 where the binocular region specifically receive 

both these inputs, thus forming a critical part of the physiological basis underlying 

binocular vision. The progressive rewiring and refinement of cortical circuits during CP 

has functional consequences in terms of the development of optimal binocular vision. 
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One classical cortical representation of binocularity is ocular dominance which is 

characterised, in both juvenile (pre-CP) and adult mice, by the relatively higher 

contralaterally vs. ipsilaterally evoked activity in binocular neurons when presented 

with visual stimuli (Fig. 1.3A-B, Gordon and Stryker, 1996; Mrsic-Flogel et al., 2007; 

Sato and Stryker, 2008). Particularly, during CP for ODP, binocular matching, i.e., 

matching of visual inputs from the two eyes, has been deemed crucial for normal 

binocular visual capabilities (Wang et al., 2010). 

 

Fig. 1.3. Binocular response properties of mouse bV1 neurons. (A) Left: 
Schematic representation of the visual field and their representation in V1. Striped 
region indicates the binocular visual field and the binocular zone of V1, respectively. 
Right: Mouse shown a stripped grating stimulus to either the left or right eye. (B) Top: 
Representative image of imaged neurons with their colour-coded ocular dominance 
score (in this case, 0 being more contralaterally dominant and 1 being more 
ipsilaterally dominant). Bottom: Histogram representing the OD scores of the detected 
neurons (A-B adapted from Mrsic-Flogel et al., 2007). (C) Representative field of view 
of a patch of V1 with neurons expressing a calcium indicator (in white) and their 
corresponding distribution of orientation selectivity (adapted from Sohya et al., 2007). 
(D) Representative dF/F responses of a binocular neuron responding selectively to a 
particular orientation, with both ipsilateral or contralateral visual stimulation using 
drifting gratings. (E) Distribution of the difference in preferred orientation between the 
two eyes. Majority of cells exhibit a preferred orientation mismatch of about 5-25Á (D-
E adapted from Levine et al., 2017). (F) Preferred orientation matching improves after 
eye opening, primarily during the visual CP, signified by the gradual decrease in the 
degree of orientation mismatch (adapted from Tan et al., 2022). 
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As mentioned earlier (see Sec. 1.1.2), one of the major hallmarks of receptive field 

tuning in visual circuits is orientation tuning in terms of a neuronôs preference to a 

particularly oriented static/drifting grating stimulus (Fig. 1.3C-D). Before CP onset, the 

PO of a bV1 neuron to contralateral vs. ipsilateral eye inputs is mismatched, i.e., the 

PO difference between the two eyes is high (Fig. 1.3E); this mismatch is progressively 

reduced during CP and becomes well matched in adulthood (Fig. 1.3F; Gu and Cang, 

2016; Tan et al., 2022; Wang et al., 2010). dLGN inputs to L4 of V1 are already slightly 

matched at CP onset while intracortical inputs match during the CP to achieve similar 

degrees of thalamic and intracortical matching, indicating a greater susceptibility of 

intracortical circuits to experience-dependent refinement and further suggesting that 

the classic feed-forward model of orientation tuning is absent in pre-CP mice (Gu and 

Cang, 2016). The matching of monocular inputs in binocular neurons relies on visual 

experience; mice dark-reared during CP fail to develop optimal binocular matching of 

orientation preference and like in the case of ODP, CP for binocular matching can also 

be delayed from birth by long-term visual deprivation (Wang et al., 2010). However, 

experience-independent processes shape the arrangement originating from the same 

eye to give rise to normal monocular spatial RFs (Sarnaik et al., 2014). Interestingly, 

the deficit in binocular matching due to precocious CP closure or MD during CP can 

be rescued by environmental enrichment via epigenetic mechanisms (Chen et al., 

2014; Wang et al., 2013; Levine et al., 2017). Complementing the mouse studies, 

investigations probing the ferret visual cortex using 2-photon Ca2+ imaging revealed 

the proper alignment of already present (experience-independent) modular networks 

of orientation preference relied on visual experience (Chang et al., 2020). The 

underlying idea derived from these experiments suggested the presence of a 

rudimentary binocular circuitry composed of matched thalamic inputs to binocular V1 

neurons but mismatched at the level of the binocular neuron responses due to random 

intracortical inputs; the feature selectivity like orientation preference of these binocular 

neurons is refined and better matched in an experience-dependent fashion especially 

for the thalamic and intracortical ipsilateral eye inputs (Espinosa and Stryker, 2012; 

Gu and Cang, 2016; Sarnaik et al., 2014). More recently, repeated imaging of L2/3 

neurons updated this view of binocular receptive field development (Jenks and 

Shepherd, 2020; Tan et al., 2020, 2021, 2022). By repeatedly imaging the same L2/3 
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neurons before and after CP, it was revealed that (i) very few binocular neurons are 

present before eye-opening that progressively increase with visual experience, (ii) the 

tuning and selectivity profiles radically improve with vision right after eye-opening and 

is further refined and sharpened during CP, (iii) the initially weak ipsilateral responses 

are progressively sharpened pre-CP, facilitated by contralateral inputs, (iv) binocular 

neurons with matched PO from both eyes remain binocular with further sharpening of 

the usually weak ipsilateral eye tuning during CP, (v) binocular neurons convert to 

monocular neurons if either eye exhibits poor tuning, (vi) monocular neurons exhibiting 

sharp tuning are turned binocular by gaining matched inputs and (vii) the visual 

experience-dependent receptive field refinement of the binocular neurons are 

observed only in L2/3 and not in L4 (Jenks and Shepherd, 2020; Tan et al., 2020, 2021, 

2022). Additionally, V1 neurons have also been shown to be sensitive to binocular 

disparities, characterised by a neuronôs sensitivity to spatial phase offsets between the 

two eyeôs phase preference and considered an important property for stereopsis 

(Cang and Ribic, 2023; Chioma et al., 2019; Cumming and DeAngelis, 2001). 

Binocular disparity sensitivity was reduced after MD during the visual CP of mice, 

suggesting the dependence of visual experience on optimal disparity tuning (Scholl et 

al., 2017). In summary, the evidence supports the role of visual experience in optimal 

binocular matching and disparity tuning during the critical period. 

1.3.2. Refinement of visually driven predatory behaviour 

The role of CP in the optimisation of an animalôs behavioural repertoire is only 

beginning to be probed mechanistically. For years, the role of the visual system in the 

behavioural context has been restricted to quantifications based on highly artificial 

stimuli in a laboratory setting, which does not necessarily translate to ethologically 

relevant behaviour. The role of the environment in optimising behavioural outcomes 

via sensory representations in the cortex have been pondered about since the time of 

Donald Hebb (Hebb, 1949, Ch. 6). However, the importance of ethologically relevant 

considerations in understanding sensory perception was first categorically elucidated 

by James J. Gibson in his 1966 book titled "The Senses Considered as Perceptual 

Systemsò (Gibson, 1966) which emphasised the importance of the natural visual 

environment to form a coherent representation of the visual scene and questioned the 

utility of artificial stimuli in understanding sensory perception at that time (Candy and 

Cormack, 2022). With the recent methodological advancements in quantifying animal 
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behaviour, it is now possible to systematically probe the behaviour of an organism in 

their ecological niche. In the context of ethologically relevant visual behaviours, 

predation has received a substantial amount of attention over the last decade. 

Different aspects of predatory behaviour, including the role of vision in predation, have 

been studied in different species like zebrafish (Bianco et al., 2011; Oldfield et al., 

2020), owls (Wagner et al., 2013) and marmosets (Ngo et al., 2022). 

 

Fig. 1.4. Importance of binocular vision for optimal predatory behaviour in mice. 
(A) Representative tracklets of mice and prey (crickets) under different sensory 
conditions; blue: light; grey: dark; green: ear plug + light; red: ear plug + dark; black: 
cricket. (B) Time taken by mice to catch crickets under the different sensory conditions 
as mentioned above. Mice are the fastest under well illuminated conditions (A-B 
adapted from Hoy et al., 2016). (C) Representative tracklets of binocular and 
monocular mice while hunting crickets. (D) Time taken by mice to catch crickets under 
binocular and monocular conditions. Mice are the significantly faster with binocular 
vision (C-D adapted from Johnson et al., 2021). (E) Schematic of mouse with fitted 
miniature eye cameras and IMU (Inertial Measurement Unit) chip for simultaneous eye 
and positional tracking during predation (F) Horizontal eye positions of the left and 
right eyes during non-approach and approach phases. Eye movements are more 
synchronised during the approach phases. (G) Mice maintain a neutral vergence 
angle, where the eyes are neither converged nor diverged, for a greater proportion of 
time during approach vs. non-approach phases (E-G adapted from Michaiel et al., 
2020). 

 

However, literature on how the visual sense facilitates predation in mice was lacking. 

In a significant study, Hoy et al. (2016) found mice to demonstrate consistent predatory 
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behaviour towards crickets (their natural prey) and that different phases of the 

behaviour are negatively affected just by the absence of vision (i.e., under darkness) 

while keeping the other senses intact (Fig. 1.4A-B). The study also revealed that mice 

tend to keep the tracked prey within their binocular visual field. By simultaneously 

tracking mouse eye movements and predatory behaviour using marker-less pose 

estimation methods, a follow-up study by Michaiel et al. (2020) showed that the mice 

tend to exhibit highly coordinated eye movements by maintaining a neutral vergence 

while actively approaching their prey (Fig 1.4E-G). This observation was further 

elaborated upon by Holmegren et al. (2021) who found that the binocular visual field 

consists of a higher number of alpha-ON retinal ganglion cells known to possess 

centre-surround receptive fields innervating the SC and dLGN (Huberman et al., 

2008), ultimately forming a region of higher spatial resolution in V1 (van Beest et al., 

2021). The definitive evidence for the importance of binocular vision in predation was 

laid out by Johnson et al. (2021) where they observed that monocularly depriving (in 

their case, enucleating) adult mice for ~1 day, led to pronounced deficits in hunting 

behaviour (Fig. 1.4C-D). By looking at predatory behaviour of juvenile mice during the 

early phase of CP (~P21), Allen et al. (2022) observed that there is a profound deficit 

in approach behaviours during active hunting while being unable to keep prey within 

the binocular zone. Another study (Kuhnle et al., 2022) observed that with repeated 

exposure to prey, WT mice develop adult-like capture efficiency at around the later 

phases of CP (~P28-P30). However, most of the studies have focussed on SCôs role 

in prey capture (Furigo et al., 2010; Hoy et al., 2019; Shang et al., 2019) and the 

precise influence of V1 in encoding prey-related information is sparse with only one 

preliminary report indicating specific tuning of V1 neurons to prey-related behavioural 

epochs (Guggiana et al., 2020). These studies altogether essentially point towards the 

idea that sophisticated visual perceptual abilities like feature integration via active 

sampling of the visual space depend on the specialised binocular visual field. These 

abilities further mature and become more specialised with age; critical period plasticity 

mechanisms therefore are deemed to play an important role in the shaping and 

refining of these circuits to enable optimal binocular integration of visual inputs 

relevant for evolutionarily significant behaviours like predation. 
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1.4. Overview of this thesis 

This thesis is dedicated to better elucidating the role of the important postsynaptic 

molecule, PSD-95, in the development of binocularity and binocular vision-dependent 

behaviour; first by using the prey capture paradigm which is known to exploit binocular 

visual abilities for optimal performance, and then, by using 2-photon Ca2+ imaging to 

characterise the visual receptive field tuning properties of bV1 neurons in mice lacking 

PSD-95. I will also briefly illustrate the role of PSD-93, which is paralogous to PSD-

95, in prey capture behaviour. Previous studies have conclusively demonstrated their 

opposing roles in AMPAR-silent synapse maturation and consequently, in ODP 

(Favaro et al., 2018; Huang et al., 2015). The studies conducted in the thesis are 

inspired by previously published experimental and analytical approaches that have 

provided key insights into the visually driven aspects of predatory behaviour and the 

formation and mechanisms of binocular vision over development. 

In the first manuscript (Ch. 2), I systematically quantified the different epochs of 

predatory behaviour of PSD-95 KO mice and compared them to that of WT mice from 

the same genetic background. It is already known that reduced expression of PSD-95 

affects orientation discrimination capabilities in mice (Favaro et al., 2018). These 

results behaviourally recapitulated an earlier observation where electrophysiological 

recordings from mouse V1 revealed that PSD-95 KOs at the outset possess 

substantially fewer orientation-discriminating cells (Fagiolini et al., 2003). Interestingly, 

using the visual water task (VWT), it was revealed later that monocular deprivation at 

~P17-20 leads to a reduction in the orientation discrimination threshold of adult KO 

mice whereas orientation discrimination thresholds increase in monocular adult WTs 

signifying poorer performance (data included in Ch. 2). The monocular data indicated 

a potentially specific disruption of visual abilities majorly guided by binocularity. 

However, even though the behaviour data laid out a clear phenotype, the VWT 

paradigm utilises highly artificial stimuli to probe visual function, the derived results of 

which might not translate into any relevant function in the organismôs natural 

environment. Thus, we used the prey capture task, which is known to be an 

ethologically relevant binocular visual task (Hoy et al., 2016; Johnson et al., 2021) to 

test whether there, are any phenotypic parallels between orientation discrimination 

behaviour and predation. Unlike in previously published literature, we used a within-

group design where a particular mouse underwent both binocular and monocular 
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testing. To increase the fidelity of our results, we ensured that for each mouse, the 

capture performance was consistent (based on their prey capture times) before 

proceeding with the test days. Using the deep-learning-based marker-less pose 

estimation package DeepLabCut (DLC), we defined the different points of interest in 

the recorded videos to get the DLC-estimated x-y coordinates of the mouse and cricket 

positions. Using these coordinates of the tracked points, we quantified the locomotory 

behaviour, prey approach and capture epochs and other key features of predatory 

behaviour. We also quantified the head angle of the mouse with respect to the cricket 

(the azimuth) to assess the extent to which mice keep their head orientation within the 

binocular visual field. In accordance with our original hypothesis, PSD-95 KO mice 

exhibited profound deficits in the different phases of prey capture behaviour. 

Remarkably, the observed monocular phenotype in VWT was recapitulated in the prey 

capture task, strengthening the notion of a specific disruption in binocular vision. 

In the second manuscript (Ch. 3), I set out to further probe the role of PSD-95 in 

binocular vision by assessing the visual receptive field characteristics of neurons 

present in the supragranular layer 2/3 of bV1 of awake adult (>P60) mice. As 

previously discussed, binocular matching of orientation preference occurs during CP 

for ODP (Wang et al., 2010; Tan et al., 2022). Since the CP does not close in PSD-95 

KO mice (Huang et al., 2015), we hypothesised that the KO mice will exhibit juvenile 

levels of binocular mismatch. The neuronal network is deemed to be far more unstable 

in the absence of PSD-95, and consequently, a higher proportion of AMPAR-silent 

synapses (Cane et al., 2014; Ehrlich et al., 2007). Therefore, we also wanted to assess 

the degree of stability in the KO visual cortical circuits at baseline by tracking the drift 

in the PO of individual neurons, a canonical property which is supposed to be relatively 

stable and only show modest drifts over multiple days (Bauer et al., 2023). To label 

neurons in bV1, I transfected neurons by injecting in L2/3 of adult mice, an adeno-

associated virus packaged with the fluorescent calcium indicator GCaMP6s under the 

synapsin promoter, which resulted in both excitatory and inhibitory neurons being 

sparsely labelled in the injected area. The mice were then surgically implanted with a 

chronic cranial window which gave access to the injected area of the brain for repeated 

2-photon imaging. The mice then underwent daily training sessions for ~2-3 weeks to 

get used to being head-restrained in the head-restrainer box till they showed 

acceptable tolerance for ~1 hr. After successful habituation to head-restraining, the 
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mice underwent daily imaging sessions over multiple days from the same area under 

awake conditions (to eliminate the effects of anaesthesia on neuronal populations), 

while pseudo-randomly presented with flashing static sinusoidal gratings of different 

orientations and spatial frequencies during the imaging sessions till there was 

acceptable GCaMP fluorescence in the imaged field-of-view. Each mouse on each 

day underwent three sessions of imaging, consisting of binocular and monocular 

(contra- and ipsilateral) visual stimulation. The motion-corrected image stacks were 

then run through the Calcium Imaging Analysis (CaImAn) toolbox for automatic 

detection of neuronal components and then matched session-by-session to track the 

same neuron over days. Additionally, the spatial locations of the matched neurons 

were again fed into CaImAn for another round of re-detection, to find neurons which 

were undetected in the initial session-by-session detection. After the pre-processing 

steps, we sorted the neurons based on their responsiveness and/or selectivity to the 

presented visual stimuli. In summary, the results acquired from the Ca2+ imaging 

experiments indicate that the loss of PSD-95 worsens orientation matching in the 

mouse bV1 binocular neuronal population while maintaining higher orientation 

selectivity in general, in comparison to WT bV1 neurons. 

Finally, in the general discussion (Ch. 4), I will summarise the results acquired from 

the experiments I described in the previous paragraphs and place it in the perspective 

of AMPAR-silent synapses and their role in CP regulation and refinement of binocular 

vision. Furthermore, the technical limitations of the experiments and data analysis 

methods that can potentially affect the conclusions I have drawn in this thesis will be 

elaborated upon. Finally, I will try to chart out the future directions and potential 

experiments which can inform us further about the role of postsynaptic scaffolding 

proteins in the optimal development of binocular vision. 
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2. Loss of PSD-95 leads to compromised predatory behaviour 
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2.1. Abstract 

 

Postsynaptic density protein 95 (PSD-95) is a signalling scaffold within the 

postsynaptic density of excitatory synapses which drives silent synapse maturation 

during critical periods (CP). Binocularity develops during visual CPs and matures 

before its closure. Despite lifelong critical period plasticity, PSD-95 knock-out (KO) 

mice exhibit relatively subtle sensory phenotypes as adult mice in standard cage 

housing. To assess PSD-95ôs role in ethologically relevant binocular visual processing, 

we compared prey capture behaviour in PSD-95 KO and wild-type (WT) mice. KO 

mice were profoundly impaired in diverse epochs of predatory behaviour, but exhibited 

improved prey localisation under monocular conditions, indicating impaired binocular 

integration. This was confirmed in an orientation discrimination task, where KO mice 

were impaired binocularly but performed monocularly like WT mice. Our results depict 

a critical role of PSD-95 to drive binocular maturation which becomes evident under 

ethologically demanding behaviours.Ш 
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2.2. Introduction 

 

Different species of rodents, including mice, exhibit predatory behaviours in their 

ecological niche (Badan, 1986; Berry and Bronson, 1992; Langley et al., 1989; 

Skyberg and Niell, 2024; Tann et al.,1991; Whitaker et al., 1966). Binocular vision is 

considered to emerge to support predatory hunting across species, including for non-

foveate animals like mice, whose eyes are laterally placed (Read, 2021бШWheatstone, 

1838). Binocular vision provides depth cues for optimal prehensile movements in 

humans (Servos et al., 1992) and can potentially break camouflage, improve predator-

prey distance estimation and increase sensitivity in low contrast and low light 

conditions (Nityananda and Read, 2017; Ponce and Born, 2008). Previous studies 

assessing prey capture behaviour have observed that lab-bred adult wild-type (WT) 

mice naµve to crickets i) show a natural tendency to catch and consume them from the 

first day of exposure (Butler et al., 1973; Galvin et al., 2021; Hoy et al., 2016), ii) require 

binocular vision for optimal hunting performance (Johnson et al., 2021; Michaiel et al., 

2020) and iii) get better with more experience of prey-related salient visual features 

(Procacci et al., 2020). During CP, the primary visual cortex (V1) undergoes profound 

visual experience-dependent changes wherein relevant neuronal connections are 

refined and consolidated (Espinosa and Stryker, 2012; Hooks and Chen, 2007, 2020) 

to establish and refine specialized visual abilities such as binocularity (Tan et al., 2020, 

2021). Juvenile WT mice during early CP are initially poorer at hunting, characterised 

by their inability to keep their head direction within the binocular visual field during 

active approaches towards prey (Allen et al., 2022). In contrast, adult WT mice exhibit 

a strong binocular visual field bias during approaches (Allen et al., 2022). Poor 

predatory hunting during visual CP correlates with a greater degree of binocular 

mismatch at the neuronal level in V1 which improves and reaches adult matching 

levels with visual experience through CP (Wang et al., 2010; Tan et al., 2022). 

We previously demonstrated that absent AMPA-silent synapse maturation in 

postsynaptic density protein 95 (PSD-95) knock-out mice prevents the closure of the 

CP for ODP in mouse binocular visual cortex (V1), leading to lifelong juvenile ODP 

(Huang et al., 2015). In addition, loss of PSD-95 in the adult mouse V1 caused 

structural changes which were reminiscent of those observed in juveniles, i.e., 
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enhanced spine elimination on the apical dendrites of layers 2/3 pyramidal neurons 

following monocular deprivation (Yusifov et al., 2021).  The visual water task (VWT), a 

form of forced-choice visual discrimination task, has been utilised to assess visual 

acuity (Prusky et al., 2000) and orientation discrimination (Favaro et al., 2018). VWT-

based visual acuity was compromised in mice after monocular deprivation (MD) during 

CP (Prusky and Douglas, 2003) and bilateral lesions in V1 (Prusky and Douglas, 

2004). In VWT, compared to WT, PSD-95 KO mice displayed normal visual acuity but 

reduced orientation discrimination capabilities (Favaro et al., 2018). However, such a 

measure of orientation discrimination ability lacks behavioural relevance and whether 

a deficiency of PSD-95 translates into poorer behavioural outcomes in ethological 

contexts where binocular visual perception plays a decisive role has not yet been 

studied. Therefore, we tested the role of vision, particularly binocular vision, in both 

PSD-95 KO and WT mice using the ethologically relevant prey capture task (Hoy et 

al., 2016; Johnson et al., 2021; Kuhnle et al., 2022). We hypothesised a compromised 

predatory behaviour in mice lacking PSD-95 due to the persistence of CP for ODP as 

a consequence of higher proportions of AMPA-silent synapses. Moreover, with non-

matched binocular input, predation for PSD-95 KOs with monocular vision is likely 

more successful than with binocular vision. 

We tested binocular and monocular hunting performance in adult PSD-95 KO and WT 

mice. As hypothesized, PSD-95 KO mice exhibited pronounced deficits in prey capture 

compared to WT mice. Notably, compared to the binocular condition, KO mice 

displayed enhanced monocular prey capture performance, suggesting disturbed 

binocular integration. A similar phenotype was observed in the visual water task: KO 

mice had decreased binocular orientation discrimination compared to WT mice. 

Moreover, in contrast to WT mice, they improved during monocular vision. These 

findings demonstrate that the development and refinement of binocular visual ability, 

in terms of orientation discrimination and predatory behaviour, is dependent on PSD-

95 mediated maturation of AMPAR-silent synapses. 
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2.3. Materials and Methods 

 

Animals: All experimental procedures were approved by the local government: 

Niedersªchsisches Landesamt f¿r Verbraucherschutz und Lebensmittelsicherheit. To 

generate Dlg4 +/+ and Dlg4 -/- transgenic mice used for the experiments, 

heterozygous female and male mice with a mixed 129SV/C57BL/6J background 

(Abbas et al., 2009; Huang et al., 2015; Yao et al., 2004) were bred at the central 

animal facility of the University Medical Center, Gºttingen, Germany. All mice were 

housed in standard cages (26Ĭ20Ĭ14 cm) with a 12/12 h light/dark cycle (light on at 

08:00), with food pellets and water available ad libitum. For the prey capture 

experiment 8 (3/5 ǀ/ǁ) PSD-95 WT and 7 (1/6 ǀ/ǁ) PSD-95 KO mice, all aged above 

P60 (meanÑSD, WT: P220Ñ85; KO: P217Ñ70) were used. 9/10 female KO mice tested 

either did not catch crickets or failed to reach 100% capture success during the training 

phase and hence were not considered for further analyses. Medium-sized (2-3 cm) 

crickets (Acheta domesticus) of both sexes were sourced from Bugs-International 

GmbH and were maintained in a 12-hr reversed day-night cycle (light on at 22:00), 

such that the cricketsô night cycle coincided with the miceôs light cycle, which was when 

the experiments were conducted. 

Prey capture task: The general prey capture experimental and analysis protocol was 

adapted from previously published literature (Hoy et al., 2016; Johnson et al., 2021; 

Kuhnle et al., 2022) (Fig. 1A-B). All trials in the behavioural arena (45 x 35 x 30 cm) 

were recorded using an overhead camera (60 fps; BFS-U3-32S4M). An array of 

alternating normal and near-infrared (NIR) LEDs were fixed on the lid of the arena to 

provide illumination under both light and dark conditions. The light trials were recorded 

under constant illumination (~80 lx) along with infrared light to provide better image 

contrast. Trials under darkness were recorded using the NIR LEDs (~880 nm) only. 

Prior to the start of the acclimatisation phase, mice were separated and singly housed 

throughout the experiment. The prey capture task consisted of a brief acclimatisation 

phase (days A1-A3) of 5-10min habituation with the experimenter and introduction of 

1-2 crickets, kept overnight in the home cage from A1 onwards. At the end of A3, mice 

were introduced to the behavioural arena and allowed to habituate for 10min, after 

which the mice were put back to their home cages and food-restricted for ~16h/day 
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throughout the experimental timeline. The animals were weighed every day before 

conducting the trials in the arena, to ensure that weight loss stayed within max. 20% 

of the original body weight till the end of the experiment. During the training phase 

(after A3, starting with day D1), each mouse underwent 3-5 trials/day with one live 

cricket per trial. Each trial lasted for a maximum of 10 min and the arena was cleaned 

thoroughly with 70% ethanol in between each trial to eliminate any visual and/or 

olfactory cues from preceding trials. The training phase continued until an animal 

reached consistent hunting performance. The training phase continued until an animal 

reached consistent hunting performance. The maximum number of possible training 

days was limited to 15 days. Due to individual differences in the task, the total number 

of training days required to proceed to the test phase varied by subject. Due to high 

day-to-day variability, especially in KO hunting performance, hunting consistency was 

characterised by 100% capture success over at least the last two consecutive training 

days and median capture time differences not being greater than 15s between any 

two of the last four training days. The final test phase consisted of 2 days where the 

mice were first tested binocularly and then underwent monocular eye closure at the 

end of the 1st test day (Dn) to be tested monocularly on the 2nd test day (Dn+1), <24 h 

later. Both test days consisted of trials under both light and dark conditions, divided 

equally over 6-10 trails, in a pseudorandom order. 

Monocular eye closure: After the binocular test day trials, we closed the right eyes of 

the mice as described previously (Huang et al., 2015; Favaro et al., 2018). Mice were 

anaesthetised with 2% isoflurane in a mixture of O2:N2O (0.75:0.25), injected with 

carprofen (s.c., 5mg/kg), both eye lid margins were trimmed after which an antibiotic 

gel (Gentamicin-POS, Ursapharm) was applied. The eyelids were stitched shut using 

2 mattress sutures (Ethicon, 7-0) and the mice were kept under a heating lamp for 

recovery (<5min). The monocularly deprived eye was inspected carefully to ensure it 

was closed before the monocular trials on the next day. 

Orientation discrimination: A modified version of the visual water task (VWT; Prusky et 

al., 2000; Prusky et al., 2004) was used to quantify orientation discrimination as 

previously described (Favaro et al., 2018). Briefly, the apparatus was composed of a 

trapezoidal [118 (length) x 40 (height) x 80 (width at wide end) x 25 (width at narrow 

end) cm] water-filled chamber with the broader end containing 2 monitors (35 x 26 cm) 

placed side by side on the wall and partitioned by a barrier. Mice were trained to 
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discriminate between a static vertical and horizontal grating of low spatial frequency 

(0.086 cycles/degree) presented on the two screens in random order. The vertical 

orientation was consistently rewarded by associating it with a submerged platform 

which the mouse learned to reach to escape from the water while the orthogonal (non-

rewarded) stimulus was presented on the other monitor. After successful training, the 

orientation difference was gradually reduced at 5Ü steps until performance dropped 

below 70%. The orientation discrimination threshold was considered the smallest 

orientation difference the animal successfully discriminated with at least 70% 

accuracy. For monocular groups, the right eye was sutured shut before the critical 

period (~P17-20). The published binocular data points from Favaro et al. (2018) were 

included in the PSD-95 KO binocular group. The WT binocular group data consists of 

WTs from both PSD-95 and PSD-93 mouse lines. 

Prey capture data acquisition and analysis: All trials in the arena (45 x 35 x 30 cm) 

were recorded using an overhead camera (60 fps; Blackfly S USB3). An array of 

alternating normal and near-infrared (NIR) LEDs were fixed on the lid of the arena to 

provide illumination under both light and dark conditions. The light trials were recorded 

under constant illumination (~80 lx) along with infrared light to provide better image 

contrast. Trials under darkness were recorded using the NIR LEDs (~880 nm) only. All 

videos were acquired using a custom Python workflow. Videos, where mice caught the 

cricket before the behaviour could be recorded, were discarded from subsequent 

analyses. The acquired videos used for data analyses were first manually trimmed 

(LosslessCut; https://github.com/mifi/lossless-cut) by defining the start and end of a 

trial; the end of individual trials was defined as the first instance when the mouse 

successfully caught the cricket. The trimmed videos were then corrected for lens 

distortion using custom software (OpenCV, Python). DeepLabCut (DLC; Mathis et al., 

2018; Nath et al., 2019) was used to track different points of interest (ears, mouse 

head centre, mouse body, cricket) by training a ResNet-101 architecture and refining 

it 3 times by relabelling incorrectly tracked points. The resultant network yielded a test 

error of only 1.97 pixels (~0.1 cm). Tracking quality was further refined by linearly 

interpolating over coordinates which had low DLC confidence (DLC likelihood <0.8) 

and/or when the Euclidean distance between adjacent x- and y-coordinates was 

higher than 5.5 cm (ójumpô frames), occurring twice within 700ms. The head position 

vector of the mouse was calculated by taking the arc tangent of the point in between 
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the two ears (mouse head coordinate) and the target (cricket) vector was defined as 

the vector from the mouse head to the tracked cricket coordinate. The two vectors 

were then used to estimate the azimuth between the mouse and the cricket. Mouse 

speed and immobility were calculated using the defined marker for the mouse body. 

Immobility during baseline was defined as those phases during non-approach epochs 

where the mouse speed was <0.5cm/s. Arrest-like states during active approaches 

were defined as phases where the mouse speed was <2cm/s but >0.5cm/s. Mouse 

speeds during non-approach phases, when the mouse was not stationary (mouse 

speed>0.2cm/s), were considered as the baseline speed. Approach phases were 

defined as epochs where i) mouse speed was >6 cm/s, ii) mouse-cricket distance 

(range) decreased by a rate of 7 cm/s and iii) the azimuth was <150Á (Allen et al., 

2022; Hoy et al., 2016; Johnson et al., 2021). Contacts were present when i) mouse-

cricket distance was <3 cm and ii) azimuth was <90Á. A successful contact given an 

approach occurred when the mouse-cricket distance was <3 cm within 250 ms after 

the termination of an approach epoch. The probability of a capture given a contact was 

defined as 1/total number of contacts in each trial. 

Statistical analysis: All statistical analyses, unless otherwise specified, were 

conducted on the pooled trials of each experimental group as previously described 

(Hoy et al., 2016). The assumptions, such as normal distribution were checked for 

each parameter. For most of the prey capture parameters, a linear mixed-effects 

model (LME) with restricted maximum likelihood (REML) was used to maintain 

consistency of the analyses. The model equation for the test days was defined as: 

DV ~ genotype + vision + trial sequence + genotype*vision + (1 | mouse ID) 

For the first training day analysis, the model equation was as follows: 

DV ~ genotype + trial sequence + (1 | mouse ID) 

where, DV is the dependent variable, genotype (WT / KO) and vision 

(binocular/monocular) and trial sequence are the fixed effect terms, the genotype*eye 

condition is the interaction term and (1 | mouse ID) is the random effect term. The 

significance of the fixed effects and their interactions were assessed by Type II Wald 

ɢ2 tests and the post-hoc comparisons between the groups were computed using 

estimated marginal means for all simple main effect comparisons. Only relevant 

comparisons were considered and combined in one family for hypothesis testing. p-
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values were adjusted using the false discovery rate (FDR) method. The degrees of 

freedom for the comparisons were estimated using the Kenward-Roger method. 

Orientation discrimination threshold differences between groups were assessed using 

an ordinary least squares (OLS) multiple linear regression model with the equation: 

DV ~ genotype + vision + genotype*vision 

and estimated marginal means were used for multiple comparisons with the p-values 

corrected using the FDR method. No outlier correction was performed prior to 

statistical analyses, unless otherwise mentioned. The mixed-effects model, multiple 

linear regression model and related analyses were computed in R (using the stats, 

lme4 and emmeans packages) and the rest in either MATLAB (MathWorks) or 

GraphPad Prism. Effects were considered to be significant if p<0.05. The outputs of 

the LME analyses for the light and dark test days are given in Tables S1 and S2. 

 

2.4. Results 

 

PSD-95 KO mice take longer to catch prey yet improves with monocular vision 

Hunting behaviour in mice is instinctive; however, the overall behavioural repertoire is 

progressively refined via visual experience during CP thus leading to the formation of 

optimal and efficient predatory tactics in adulthood (Hoy et al., 2016; Allen et al., 2022). 

Predatory behaviour of PSD-95 WT and KO mice was observed in the behavioural 

arena after the habituation phase (Fig. 1A-B). While 7/8 WT mice caught crickets at 

least in one of the trials, in contrast, none of the PSD-95 KO mice caught crickets on 

the first training day. Thus, KO animals took considerably more days to successfully 

and reliably catch crickets compared to the WT mice (Fig. 1C).
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Figure 1. PSD-95 KOs exhibit deficits in prey capture behaviour. (A) Schematic of the arena used for testing prey capture 
behaviour. Behaviour was recorded at 60 FPS using an overhead camera. (B) Experimental timeline with relevant phases indicated 
by grey lines; after 3 days of acclimatisation (A1-A3), mice were food deprived and made to hunt crickets in the arena till they exhibited 
stable capture performance (D1-Dn-1). The test days consisted of mice hunting crickets first with intact binocular vision (Dn), after 
which one eye of the same mice was sutured shut and tested in the same task ~20-24 hrs later (Dn+1). (C) Probability to catch crickets 
on a given day within 10 minutes of prey exposure. Individual data points are overlaid on the meanÑSEM lines for each genotype. 
(D) Prey capture times of PSD-95 WT and KO mice on the last training day (Dn-1). Each point represents the median capture time of 
individual mice whereas the bars indicate the mean Ñ SEM. (WT: 11.8Ñ1.8 s, n=8; KO: 57.2Ñ10.9 s, n=7; Mann-Whitney, p= 0.0003). 
(E and F) Comparison of median prey capture times for individual PSD-95 WT and KO mice between the last training day and the 
binocular test day, respectively (WT: Dn ï Dn-1 = -3.6Ñ1.71 s, n=8; Wilcoxonôs test, p= 0.055; KO: Dn ï Dn-1 = -5.6Ñ2.7 s, n=7; Wilcoxonôs 
test, p= 0.125). 
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Additionally, KO mice displayed profound deficits in various epochs of hunting 

behaviour in comparison to WTs: KO mice displayed lower approach rates, longer prey 

detection times and lower probability to contact prey during active approaches, among 

others (Fig. S1). At the stage where mice exhibited consistent capture performance 

(Dn-1) (Fig. 1D), KO mice needed nearly 5x longer time to successfully catch crickets 

(WT: 11.8Ñ1.8 s, n=8; KO: 57.2Ñ10.9 s, n=7; Mann-Whitney, p= 0.0003). Comparison 

of capture times between the last training day (Dn-1) and the binocular test day (Dn) 

demonstrated that capture times were stable before testing started (Fig. 1E-F; WT: 

DnïDn-1=-3.6Ñ1.71 s, n=8; Wilcoxonôs test, p=0.055) and KOs (KO: DnïDn-1=-5.6Ñ2.7 

s, n=7; Wilcoxonôs test, p=0.125). Thus PSD-95 KO mice take a considerably longer 

time to reliably catch crickets and do not reach WT values in binocular prey capture 

performance. 

 

 

Figure 2. Monocular PSD-95 KOs hunt faster than with intact binocular vision. 
(A) Example tracks of the same PSD-95 WT and KO mice respectively under binocular 
vs. monocular condition respectively until successful capture (scale bar, 10 cm). (B) 
Percentage change in median capture times of individual WT/KO mice after monocular 
closure of one eye (WT: 169.2Ñ70.5 %, n=8; KO: -12.7Ñ24.8 %, n=7; Mann-Whitney 
test, p= 0.006). (C) Within-group comparisons of prey capture times of WT and KO 
mice under both binocular and monocular conditions respectively. Each datapoint here 
represents a trial and each bar represents the mean Ñ SEM (WT binocular: 8.9Ñ0.9 s, 
n=31; WT monocular: 22.2Ñ3.6 s, n=32; KO binocular: 74.2Ñ13.9 s, n=27; KO 
monocular: 42Ñ5.6 s, n=34). Linear mixed effects model with estimated marginal 
means for multiple comparisons. **p < 0.01 and ****p < 0.0001.  
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Since mice need binocular vision to reliably capture prey (Johnson et al., 2021), and 

binocularity develops during the critical period (Wang et al., 2010; Tan et al., 2020) 

which does not close in PSD-95 KO mice (Huang et al., 2015), we hypothesised that 

the observed deficit in binocular prey capture behaviour in the KOs might be due to 

specific disruptions in binocular vision like non-matched inputs from both eyes. To test 

this, we repeated the prey capture task with the same WT and KO mice, but this time 

using monocular vision (Fig. 2A).  Consistent with previous studies, WT mice got worse 

with monocular vision and now needed ~22.2s for catching a cricket compared to 

~8.9s with binocular vision. Taking the binocular test day as the baseline, after 

monocular deprivation, at an intra-individual level (Fig. 2B), there was a substantial 

percentage increase in capture time in WTs (WT: 169.2Ñ70.5 %, n=8). In contrast, and 

as hypothesized, in PSD-95 KO mice, monocular vision improved capture 

performance (Fig. 2A-C): capture time was now ~42s and thus substantially reduced 

compared to ~74.2s with binocular vision (KO: -12.7Ñ24.8 %, n=7; Mann-Whitney test, 

p= 0.006). Furthermore, individual trials were compared between the different 

conditions for the same WTs and KOs (Fig. 2C) using a linear mixed-effects model 

(LME) where significant main effects of genotype and the interaction between 

genotype and visual condition [see Table S1; ɢ2g=19.94, p<0.0001; ɢ2v=0.97, p=0.32; 

ɢ2g*v=12.21, p=0.0005; ɢ2t=15.83, p<0.0001] were observed. Post-hoc comparisons of 

the estimated marginal means revealed that KOs are slower than WTs in catching prey 

when binocular vision is intact [meanÑSEM; WTb: 8.9Ñ0.9 s, KOb: 74.2Ñ13.9 s; t(27)= 

5.647, p<0.0001] with no significant differences between the genotypes with 

monocular vision [meanÑSEM; WTm: 22.2Ñ3.6 s, KOm: 42Ñ5.6 s; t(23.7)= 2.06, 

p=0.067]. While no significant differences were observed between the two visual 

conditions for the WTs [t(106.3)= 1.721, p=0.088], the KOs on the other hand, had 

lower capture times with monocular vs. binocular vision [t(107.2)= 3.185, p=0.004]. 

 

PSD-95 KO mice exhibit deficits in diverse epochs of hunting but partially 

improve with monocular vision 

The hunting behaviour of mice comprises of sequential epochs starting from initial prey 

detection, initiating an approach sequence, intercepting, contacting and finally 
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capturing the prey using a combination of grasping and biting sequences (Galvin et 

al., 2021; Hoy et al., 2016; Johnson et al., 2021). It is known that monocular vision 

causes deficits in these different phases of predatory behaviour such as prey 

detection, approach, contact and capture behaviours in adult WT mice (Johnson et al., 

2021) Thus, given that monocular vision worsens predation, we wanted to test the 

outcome of monocular vision in PSD-95 KO mice by chronologically comparing the 

approach, contact and capture epochs between binocular and monocular test days 

(Fig. 3A-G). 

Both genotype and visual condition affected the rate of approaches (Fig. 3B) towards 

prey [ɢ2g=20.09, p<0.0001; ɢ2v=3.95, p=0.047; ɢ2g*v=3.73, p<0.054]. WT mice had 

significantly higher approach rates compared to KO mice under both binocular 

[meanÑSEM; WTb: 0.27Ñ0.02, KOb: 0.16Ñ0.02; t(43.6)=4.473, p=0.0002] and 

monocular vision [meanÑSEM; WTm: 0.2Ñ0.02, KOm: 0.15Ñ0.01; t(34.6)=2.177, 

p=0.048]. WT mice also made fewer approaches with monocular vs. binocular vision 

[t(103)=2.765, p=0.014] whereas KO mice both binocularly and monocularly displayed 

similar rates of approaches [t(102)=0.099, p=0.921].  

KO mice were also compromised - compared to WT mice - in detecting and initiating 

the first approach towards the cricket (Fig. 3C) [ɢ2g=1.95, p<0.162; ɢ2v=1.28, p=0.257; 

ɢ2g*v=6.84, p=0.0009] with binocular vision [meanÑSEM; WTb: 1.38Ñ0.35 s, KOb: 

8.37Ñ3.13 s; t(42.9)= 2.83, p=0.02]. KO mice were not significantly different from WT 

mice in this parameter with monocular vision [meanÑSEM; WTm: 3.89Ñ0.75 s, KOm: 

2.84Ñ0.65 s; t(34)= 0.594, p=0.556]. No significant difference was observed in prey 

detection times between binocular and monocular vision in WT mice [t(103)= 1.096, 

p=0.368], whereas KO mice were faster to detect and initiate approaches towards the 

prey with monocular vision [t(102)=2.623, p=0.02].  

The probability of a contact occurring during active approach (Fig. 3D) towards the 

cricket [ɢ2g=15.718, p<0.0001; ɢ2v=0.834, p=0.361; ɢ2g*v=0.98, p=0.322; ɢ2t=4.731, 

p=0.029] was significantly lower in the KO vs. WT mice with both binocular 

[meanÑSEM; WTb: 0.85Ñ0.05, KOb: 0.58Ñ0.05; t(38)=3.547, p=0.004] and monocular 

vision [meanÑSEM; WTm: 0.76Ñ0.04, KOm: 0.6Ñ0.05; t(30.2)=2.556, p=0.032]. No 

significant differences in contact probability were observed between binocular and 
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monocular conditions for both WTs [t(102.7)=1.344, p=0.243] and KOs 

[t(101.5)=0.025, p=0.98].  

Using binocular vision, the probability of converting an approach to a successful 

capture (Fig. 3E) towards the cricket [ɢ2g=11.636, p=0.0006; ɢ2v=2.659, p=0.103; 

ɢ2g*v=6.67, p=0.009; ɢ2t=7.913, p=0.005] was also severely compromised in KO mice 

compared to WT mice [meanÑSEM; WTb: 0.51Ñ0.06, KOb: 0.17Ñ0.02; t(18.5)=4.16, 

p=0.002]. With monocular vision, KO mice still exhibited lower capture probability 

compared to monocular WTs (meanÑSEM; WTm: 0.38Ñ0.05, KOm: 0.21Ñ0.02; 

t(17.1)=2.28, p=0.048). Whereas WTs exhibited poorer capture success with 

monocular vs. binocular vision [t(105.2)=2.97, p=0.007], capture success for KOs did 

not significantly change with monocular vision [t(105.5)=0.695, p=0.488]. 

One marker of prey capture efficiency is how much predators tend to spend in contact 

with prey till successful capture. Mice experienced in hunting spend very little time in 

contact with prey; the contact duration increases in monocular mice (Johnson et al., 

2021). Although we observed a significant main effect of visual condition and the 

sequence of trials [ɢ2g=2.933, p=0.087; ɢ2v=4.1694, p=0.041; ɢ2g*v=1.99, p=0.158; 

ɢ2t=6.179, p=0.013] on the mean duration of individual contacts (Fig. 3F), post-hoc 

comparisons did not yield any significant differences between binocular and 

monocular vision for both WTs [meanÑSEM; WTb: 1Ñ0.12 s, WTm: 0.85Ñ0.12 s; 

t(106.2)=0.486, p=0.628] and KOs [meanÑSEM; KOb: 2.17Ñ0.5 s, KOm: 1.42Ñ0.16 s; 

t(106.9)=2.434, p=0.066]. No significant differences in individual contact durations 

were observed between WTs and KOs under both binocular [t(23.8)= 2.191, p=0.077] 

and monocular [t(106.9)= 0.862, p=0.531] conditions, respectively. However, the total 

contact duration with crickets (Fig. 3G) yielded a highly significant interaction between 

the genotype and visual condition [ɢ2g=16.237, p<0.0001; ɢ2v=13.21, p=0.0003; 

ɢ2g*v=21.988, p<0.0001; ɢ2t=7.073, p=0.008]. With intact binocular vision, KOs 

maintained contact with prey for much longer durations than WTs [meanÑSEM; WTb: 

2.35Ñ0.24 s, KOb: 14.09Ñ1.87 s; t(18.1)=5.53, p=0.0001] but no differences were 

observed between monocular WT and KO mice [meanÑSEM; WTm: 2.88Ñ0.45 s, KOm: 

7.24Ñ0.72 s; t(16.9)=2.16, p=0.061]. However, KOs spent much less time in contact 

with prey after monocular vision [t(106.5)=5.892, p<0.0001] whereas visual 

deprivation did not exert any significant effect on the WTs [t(106.1)=0.646, p=0.52]. 
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Figure 3. Binocular PSD-95 KOs exhibit deficits in diverse epochs of prey 
capture behaviour but partially improve with monocular vision. 
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(A) Example traces of mouse-cricket distance and speed over time till successful 
capture for an individual WT and KO with binocular and monocular vision respectively. 
Approach epochs are signified by red. (B) Rate of approaches per second towards 
prey. WT binocular: 0.27Ñ0.02, n=25; WT monocular: 0.2Ñ0.02, n=31; KO binocular: 
0.16Ñ0.02, n=27; KO monocular: 0.15Ñ0.01, n=34. (C) Latency to initiate the first 
approach sequence towards prey. WT binocular: 1.38Ñ0.35 s, n=25; WT monocular: 
3.89Ñ0.75 s, n=31; KO binocular: 8.37Ñ3.13 s, n=27; KO monocular: 2.84Ñ0.65 s, 
n=34. (D) Probability of a contact given a successful approach towards prey. WT 
binocular: 0.85Ñ0.05, n=25; WT monocular: 0.76Ñ0.04, n=31; KO binocular: 
0.58Ñ0.05, n=27; KO monocular: 0.6Ñ0.05, n=34. (E) Probability of capturing prey 
given a successful contact. WT binocular: 0.51Ñ0.06, n=30; WT monocular: 0.38Ñ0.05, 
n=32; KO binocular: 0.17Ñ0.02, n=27; KO monocular: 0.21Ñ0.02, n=34. (F) Duration 
of each contact with prey. WT binocular: 1Ñ0.12 s, n=31; WT monocular: 0.85Ñ0.12 s, 
n=32; KO binocular: 2.17Ñ0.5 s, n=27; KO monocular: 1.42Ñ0.16 s, n=34. (G) Total 
duration of contact with prey. WT binocular: 2.35Ñ0.24 s, n=31; WT monocular: 
2.88Ñ0.45 s, n=32; KO binocular: 14.09Ñ1.87 s, n=27; KO monocular: 7.24Ñ0.72 s, 
n=34. Bars represent meanÑSEM. Each data point corresponds to a trial. Data points 
in E and F correspond to the mean value in a single trial. WTs and KOs are indicated 
by black and blue respectively. ƺƺ, binocular ƺǒ, monocular. *p < 0.05, **p < 0.01, ***p 
< 0.001 and ****p < 0.0001. 

 

Altogether, our analyses of approach, contact and capture epochs suggest that KOs 

have profound deficits in hunting behaviour and that monocular vision partially 

improves hunting outcomes. Our data also recapitulates the prevalence of deficits in 

the hunting behaviour of monocular mice. 

 

KOs exhibit generalised motor deficits but more efficient locomotory behaviour 

with monocular vision 

Shank3 KO mice, one of the animal models for autism spectrum disorders (ASD), have 

recently been shown to display some sensorimotor deficits concerning speed and 

immobility during predation (Kuhnle et al., 2022). Since PSD-95 has also been 

implicated in ASD (Coley and Gao, 2018; Fujita-Jimbo et al., 2015), we wanted to test 

whether the observed deficits of PSD-95 KO mice in hunting behaviour can be 

attributed to differences in their immobility levels and/or in the modulation of 

locomotory behaviour when exposed to crickets. To this end, we quantified immobility, 

travelled distance and speed of the experimental animals during the non-approach 

(baseline) and approach phases. Immobility levels during baseline (when mouse 

speed<0.05 cm/s during non-approach phases) were significantly influenced by 
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genotype and order of trials (Fig. 4A)  [meanÑSEM; WTb: 2.38Ñ0.76%, WTm: 

4.16Ñ1.01%, KOb: 9.08Ñ1.83%, KOm: 8.32Ñ1.6%; ɢ2g=10.467, p=0.0012; ɢ2v=0.535, 

p=0.465; ɢ2g*v=1.207, p=0.272; ɢ2t=13.277, p=0.0002]: With binocular vision, KO mice 

were immobile for longer durations compared to WT mice [t(25.8)=3.309, p=0.011] but 

not with monocular vision [t(22.8)=2.269, p=0.066]. No differences were observed in 

baseline immobility before vs. after monocular closure for both genotypes [WT: 

t(106.2)=1.289, p=0.269; KO: t(107.1)=0.274, p=0.785]. The percentage of arrest-like 

states during approach (2cm/s < mouse speed >0.5cm/s) was neither influenced by 

genotype nor by visual condition (Fig. 4B) [meanÑSEM; WTb: 2.58Ñ0.61%, WTm: 

1.99Ñ0.38%, KOb: 2.48Ñ0.44%, KOm: 3.04Ñ0.5%; ɢ2g=0.256, p=0.613; ɢ2v=0.002, 

p=0.962; ɢ2g*v=1.384, p=0.239; ɢ2t=2.739, p=0.098]. 

The degree of goal-directed locomotory behaviour can be assessed by looking at how 

much distance mice covered during baseline and active prey approach conditions. The 

amount of distance traversed at baseline (Fig. 4C) when the mice are not in active 

pursuit [meanÑSEM; WTb: 92.96Ñ12.99 cm, WTm: 167.3Ñ16.19 cm, KOb: 388.5Ñ40.25 

cm, KOm: 260.6Ñ24.8 cm] was significantly influenced by genotype and the interaction 

between genotype and visual condition [ɢ2g=25.375, p<0.0001; ɢ2v=0.887, p=0.346; 

ɢ2g*v=17.994, p<0.0001; ɢ2t=18.633, p<0.0001]. KO mice travelled longer distances 

compared to WT mice under both binocular [t(24.8)=6.52, p<0.0001] and monocular 

[t(20.6)= 2.52, p=0.02] conditions, respectively. In contrast, WT mice traversed more 

distance using monocular compared to binocular vision [t(102)= 2.4, p=0.02], whereas 

KO mice did the opposite: they covered shorter distances with monocular vs. binocular 

vision [t(100.2)= 3.61, p=0.001]. 
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Figure 4. KOs exhibit generalised impaired motor behaviour but cover distance 
more efficiently with monocular vision. (A) Percentage of time mice stay immobile 
at baseline (non-approach phases). WT binocular: 2.38Ñ0.76%, n=31; WT monocular: 
4.16Ñ1.01%, n=32; KO binocular: 9.08Ñ1.83%, n=27; KO monocular: 8.32Ñ1.6%, 
n=34. (B) Percentage of time mice are in an arrest-like state during an active approach 
towards prey. WT binocular: 2.58Ñ0.61%, n=25; WT monocular: 1.99Ñ0.38%, n=31; 
KO binocular: 2.48Ñ0.44%, n=27; KO monocular: 3.04Ñ0.5%, n=34. (C) Distance 
travelled at baseline when mice are not actively approaching prey. WT binocular: 
92.96Ñ12.99 cm, n=25; WT monocular: 167.3Ñ16.19 cm, n=31; KO binocular: 
388.5Ñ40.25 cm, n=27; KO monocular: 260.6Ñ24.8 cm, n=34. (D) Distance travelled 
during approach epochs towards prey. WT binocular: 71.74Ñ8.92 cm, n=25; WT 
monocular: 110.5Ñ11.68 cm, n=31; KO binocular: 139.4Ñ12.39 cm, n=27; KO 
monocular: 133.2Ñ10.68 cm, n=34. (E) Speed of mice at baseline (non-approach 
phases). WT binocular: 10.54Ñ1.36 cm/s, n=25; WT monocular: 10.65Ñ1.24 cm/s, 
n=31; KO binocular: 6.81Ñ0.8 cm/s, n=27; KO monocular: 7.97Ñ0.59 cm/s, n=34. (F) 
Speed of mice during the active approach phases. WT binocular: 19.86Ñ1.22 cm/s, 
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n=25; WT monocular: 21.55Ñ1.1 cm/s, n=31; KO binocular: 15.01Ñ0.73 cm/s, n=27; 
KO monocular: 14.64Ñ0.63 cm/s, n=34. (G) Speed of mice around Ñ1 s of contact with 
prey. Lines and shaded areas indicate meanÑSEM. Dashed line indicates the time of 
a contact. Bars indicate meanÑSEM. Each data point in A and B corresponds to % of 
immobility in each trial. Data points in E and F correspond to the median mouse speed 
in a trial. ƺƺ, binocular ƺǒ, monocular. *p < 0.05, ***p < 0.001. 

 

The total distance traversed during active approach phases (Fig. 4D) was also 

significantly influenced by the genotype and its interaction with the visual condition 

[meanÑSEM; WTb: 71.74Ñ8.92 cm, WTm: 110.5Ñ11.68 cm, KOb: 139.4Ñ12.39 cm, KOm: 

133.2Ñ10.68 cm; ɢ2g=18.084, p<0.0001; ɢ2v=2.44, p=0.12; ɢ2g*v=3.892, p=0.048; 

ɢ2t=4.505, p=0.034]. Using binocular vision, KO mice traversed longer distances 

during approaches than WT mice [t(46.4)= 4.305, p=0.0003], but not when using 

monocular vision [t(36.8)= 1.875, p<0.092]. Although WT mice covered longer 

distances with monocular vs. binocular vision [t(103.1)= 2.501, p=0.028], KO mice 

covered similar distances irrespective of visual conditions [t(102.3)= 0.236, p=0.814].  

In terms of baseline speed (Fig. 4E), although there was a significant main effect of 

genotype [ɢ2g=4.082, p=0.043; ɢ2v=0.005, p=0.944; ɢ2g*v=3.493, p=0.062; ɢ2t=3.863, 

p=0.049], multiple comparisons did not yield any differences between genotypes in 

either binocular [meanÑSEM; WTb: 10.41Ñ1.37 cm/s, KOb: 6.57Ñ0.82 cm/s; 

t(19.4)=2.236, p=0.149] or monocular conditions [meanÑSEM; WTm: 10.53Ñ1.24 cm/s, 

KOm: 7.6Ñ0.63 cm/s; t(16.9)=1.546, p=0.281]. Baseline speed of both WT [t(101.3)= 

0.595, p=0.553] and KO mice [t(99.6)= 0.773, p=0.553] was not modified with 

monocular vision. 

However, the speed during active approaches towards the cricket (Fig. 4F) was 

strongly influenced by genotype but neither by visual condition nor their interaction 

[ɢ2g=14.059, p=0.0002; ɢ2v=0.175, p=0.6753; ɢ2g*v=1.126, p=0.289; ɢ2t=1.274, 

p=0.259]. Approach speeds were significantly lower in KO vs. WT mice under both 

binocular [meanÑSEM; WTb: 19.86Ñ1.22 cm/s, KOb: 15.01Ñ0.73 cm/s; t(21.1)= 2.766, 

p=0.023] and monocular conditions [meanÑSEM; WTm: 21.55Ñ1.1 cm/s, KOm: 

14.64Ñ0.63 cm/s; t(18)= 3.862, p=0.005]. Monocular vision did not affect approach 

speeds for both genotypes [WTm: t(101.6)= 1.054, p=0.3923; KOm: t(99.8)= 0.429, 

p=0.669]. The differences in speed between WTs and KOs are observable right before 

each contact (Fig. 4G) where both binocular and monocular KO mice maintained lower 
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speeds compared to the binocular and monocular WT mice, thereby underscoring a 

genotype difference in speed modulation before contacting prey. 

To test whether the degree of immobility might have impacted our quantified data, we 

subtracted the time spent immobile from the measured capture and detection times 

(Fig. S2). This sanity check yielded the correctness of the previously presented data: 

the observed differences matched with the observed differences when baseline 

immobility was not subtracted.  

Taken together, these results indicate that the observed and quantified deficits in 

predatory behaviour of KO compared to WT mice are not due to higher levels of 

immobility in the KO mice. The general deficit in prey capture performance of KO mice 

can be partly due to the lack of speed modulation during active approaches towards 

prey. The fact that with monocular vision, KO mice travelled lesser distances than with 

binocular vision only under normal illumination conditions when not actively pursuing 

prey, points towards improved efficiency of KO mice in regulating goal-directed 

locomotory behaviour with monocular vision. 

 

WT and KO mice display similar disruptions of predation under darkness  

Predatory behaviour in adult mice was shown to be compromised without perceptible 

visual cues, i.e., under darkness (Hoy et al., 2015). To assess whether the differences 

observed between genotypes under binocular and monocular conditions were 

exclusively dependent on vision, prey capture trials were also conducted under 

complete darkness for both binocular and monocular vision. No significant differences 

were observed between genotypes or eye conditions during darkness (see Table S2) 

for capture times (Figure S3A), approach frequency (Figure S3B), prey detection times 

(Figure S3C), contact and capture probabilities (Figure S3D-E) and total prey contact 

duration (Figure S3F). WT mice were slightly more immobile with monocular vs. 

binocular vision (Figure S3G). However, unlike WT mice, KO mice exhibited similar 

levels of immobility between eye conditions, and no genotype differences were 

observed. KO mice with both binocular and monocular vision compared to their WT 

counterparts, however, traversed greater distances during both baseline (Figure S3H) 

and approach phases (Figure S3I). WT and KO mice also maintained similar speeds 

at baseline (Figure S3J) and when actively approaching crickets (Figure S3K). 
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Furthermore, both genotypes failed to maintain the prey azimuth within their binocular 

visual field under darkness (Figure S3L-M), indicating that the deficits and the partial 

improvements observed in PSD-95 KO mice in predatory behaviour were vision 

specific. 

 

PSD-95 KO mice exhibit binocular visual field bias with monocular vision 

 

Figure 5. Binocular visual field bias is conserved in KOs with both 
binocular/monocular vision, unlike WTs. (A) Mean absolute azimuth as a function 
of the mouse-cricket distance till contact during approach phases. (B) Polar probability 
histograms (10Ü bins) of azimuth at the end of approach towards prey. Dashed red line 
indicates the binocular visual field (Ñ20Ü). (C) Absolute azimuth at the end of approach 
towards prey. WT binocular: 14.4Ñ2.62Ü, n=49; WT monocular: 26.8Ñ2.42Ü, n=97; KO 
binocular: 14.5Ñ1.61Ü, n=140; KO monocular: 17.6Ñ1.9Ü, n=148. Bars indicate 
meanÑSEM. ƺƺ, binocular ƺǒ, monocular. *p < 0.05, **p < 0.01. 

 

Given that mice utilise their binocular visual field during active prey pursuit (Hoy et al., 

2016, Johnson et al., 2021), we wanted to know if the deficits in predation observed in 

the PSD-95 KOs correlate with a lack of the binocular field bias. Surprisingly, KOs, 

irrespective of visual conditions, show binocular WT-like progressive decrease in prey 

azimuth as a function of the mouse-cricket distance (Fig. 5A). Moreover, at the end of 
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active approaches towards the crickets, like the binocular WTs, KOs under both 

binocular and monocular conditions have a >2-fold higher probability to maintain prey 

azimuth within the binocular zone in comparison to the same WTs with monocular 

vision (Fig. 5B). The mean end-approach prey azimuth (Fig. 4C) is significantly 

influenced by the genotype, vision and their interaction [ɢ2g=5.941, p=0.015; 

ɢ2v=8.626, p=0.003; ɢ2g*v=4.029, p=0.045; ɢ2t=0.769, p=0.380]. The azimuth was 

similar between WTs and KOs with binocular vision [meanÑSEM; WTb: 14.4Ñ2.62Ü, 

KOb: 14.5Ñ1.61Ü; t(74.1)=0.052, p=0.958] but WTsô azimuth was significantly higher 

than KOsô with monocular vision [meanÑSEM; WTb: 26.8Ñ2.42Ü, KOb: 17.6Ñ1.9Ü; 

t(43.2)=3.14, p=0.006]. Interestingly, whereas WT azimuth before vs. after closing one 

eye was significantly higher as expected [t(424.3)=3.297, p=0.004], no significant 

change was observed for the KOs [t(428.7)=1.312, p=0.254]. Furthermore, as 

previously reported (Hoy et al., 2016), this bias did not persist in both WTs and KOs 

irrespective of visual conditions (Fig. S3L-M). These results indicate that the absence 

of PSD-95 does not disrupt the binocular field bias even during monocular vision and 

that monocular cues are sufficient to preserve this bias for the KO mice. 

 

KOs are better at orientation discrimination with monocular vision 

 

Figure 6. KOs exhibit poorer orientation discrimination but improve 
monocularly. (A) Schematic of the visual water task adapted for testing orientation 
discrimination threshold. (B) Total number of trials required for training WTs and KOs 
before beginning the test phase. WT: 102.9Ñ24.15, n=10; KO: 153.4Ñ24.15, n=9; 
Mann-Whitney, p=0.016. (C) Orientation discrimination thresholds of WTs and KOs 
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with binocular and monocular vision during the test phase. WT binocular: 16.9Ñ2.2Ü, 
n=8; WT monocular: 34Ñ6.4Ü, n=6; KO binocular: 52.2Ñ4.2Ü, n=11; KO monocular: 
31.8Ñ2.1Ü, n=4. Bars indicate meanÑSEM. ƺƺ, binocular ƺǒ, monocular. Multiple linear 
regression with estimated marginal means for multiple comparisons. *p < 0.05, ****p 
< 0.0001 

 

Previous studies indicated a possible role of V1 circuitries in enabling the capacity to 

distinguish between different orientations (Bradley et al., 1987; Livingstone and Hubel, 

1988). We have previously shown that PSD-95 KOs are poorer at orientation 

discrimination even after possessing WT-like visual acuity (Favaro et al., 2018) using 

a modified version of VWT (Prusky et al., 2004) (Fig. 6A). The deficit in orientation 

discrimination suggested a possible impairment of visual perception at the level of the 

visual cortex. In this present study, we wanted to assess whether PSD-95 KOs show 

a similar improvement in orientation discrimination thresholds with monocular vision. 

PSD-95 KOs took longer than WTs to be trained in the task (Fig. 6B; WT: 102.9Ñ24.15, 

n=10; KO: 153.4Ñ24.15, n=9. Mann-Whitney, p=0.016). In terms of orientation 

discrimination thresholds for WT and KO mice, we observed significant effects of 

genotype, visual condition and their interaction (Fig. 6C; F3,25=14.17, p<0.0001; ɓg= -

35.45, p<0.0001; ɓv= -20.52, p=0.0065; ɓg*v=37.53, p=0.0005). Crucially, as 

hypothesised, we observed a significant improvement in orientation discrimination 

thresholds in KO mice with monocular vs. binocular vision (KOb: 52.2Ñ4.2Ü, n=11; KOm: 

31.8Ñ2.1Ü, n=4; KOb - KOm: t(25)=2.97, p=0.013). As expected, WTs exhibited poorer 

orientation discrimination thresholds with monocular vision (WTb - WTm: t(25)=2.66, 

p=0.018). Although binocularly, WT mice were much better at orientation 

discrimination than their KO counterparts (WTb ï KOb: t(25)=6.45, p<0.0001), 

monocular WT and KO mice had similar orientation discrimination thresholds (WTm - 

KOm: t(25)=0.273, p=0.787). This data concurs with the observed monocular 

improvement of KO mice in prey capture performance. 
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2.5. Discussion 

 

This study explored whether the maturation of AMPA-silent synapses mediated by 

PSD-95 influences binocular visual behaviour. Utilising the ethologically relevant prey 

capture task, we show that the loss of PSD-95 led to profound deficits in predatory 

behaviour of mice. In contrast to WT mice, KO mice improved in predation with 

monocular vision. Furthermore, in line with previous findings (Favaro et al., 2018), KO 

mice, with binocular vision, exhibited impaired orientation discrimination in VWT. 

Furthermore, monocular testing in VWT also reproduced the monocular improvement 

in prey capture behaviour of KO mice.  

Experience-dependent maturation of cortical circuits is an important hallmark of the 

development of binocularity (Gordon and Stryker, 1996), which is characterised by 

dendritic spines being more stable and less prone to elimination (Grutzendler et al., 

2002; Holtmaat et al., 2005).  It is known that V1 encodes orientation and direction 

tuning as well as disparity information across species (Chioma et al.,2019, 2020; 

Fisher and Kr¿ger, 1979; Hubel and Wiesel, 1962, 1963; Niell and Stryker, 2008; 

Palagina et al., 2017; Rochefort et al., 2011; Sohya et al., 2007). Around eye-opening, 

there is a high proportion of contralaterally responsive neurons in bV1 (Tan et al., 

2020). During CP, the number of binocular neurons increases through the experience-

dependent recruitment of sharply tuned monocular neurons in bV1 (Tan et al., 2020, 

2021, 2022). Thereby the visual CP is involved in the emergence of binocular 

dependent processes, such as interocular matching of orientation preferences (Wang 

et al., 2010), prey-capture learning and speed discrimination in V1 neurons (Bissen et 

al., 2025). We have previously shown that PSD-95 KO is characterised by a high 

number of AMPA-silent synapses, causing an increase in the degree of spine 

elimination, reduction in spine formation, and an enhanced elimination rate of the 

newly formed spines of the L2/3 bV1 neurons, resulting into lifelong juvenile-like ODP 

(jODP) in adult mice (Huang et al., 2015; Yusifov et al., 2021). Behaviourally, binocular 

PSD-95 KO mice exhibited deficits in orientation discrimination (Favaro et al., 2018) 

which was further reconfirmed in the present study (Figure 6). Additionally, in the 

context of naturalistic behaviour, we found deficits; in binocular predatory behaviour of 

PSD-95 KO mice (Figure 2). We speculate that the higher proportion of silent synapses 
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will interfere with the maturation and stabilisation of individual eye inputs onto 

binocular neurons, which might in turn lead to non-matched inputs in single neurons. 

The ipsilateral eye inputs might be more susceptible to remain immature and unstable 

in the absence of PSD-95, given that they are progressively strengthened with visual 

experience during CP (Tan et al., 2020, 2021). The consequent binocular mismatch 

can thereby lead to the deficits observed in PSD-95 KO mice in orientation 

discrimination and predation with binocular vision.  

In concordance with previous findings (Johnson et al., 2021), WTs with monocular 

vision even after substantial hunting experience, were poorer in some of the hunting 

epochs: they exhibited a reduced approach rate, prey capture probability and inability 

to maintain their azimuth in the binocular field (Figure 3), resulting in an increase in 

the average individual prey capture times by ~170%. In contrast, monocular KOs took 

a significantly shorter time to detect and approach their prey and significantly reduced 

their prey investigation and capture times (Figures 2-3). This was further 

complemented by improved orientation discrimination capabilities in the KOs with 

monocular vision (Figure 6). The improvement in KOs with monocular vision could not 

be explained by differences in the degree of immobility in the KOs, since KOs 

displayed similar immobility levels between binocular and monocular conditions, even 

after accounting for periods of immobility. To date, no study reported such 

improvements with monocular vision for PSD-95 KO mice. Mice are known to utilise 

monocular cues in nature: for instance, using the gap crossing task, an ethologically 

relevant visuomotor task, one study (Parker et al., 2022a) showed that mice can 

estimate distance cues using motion parallax even with monocular vision. The 

improvements observed with monocular vision in the KOs might be a consequence of 

improved visual capabilities due to the elimination of the interference caused by the 

non-matched inputs from either eye. This might further indicate that the KOs utilise 

monocular cues such as motion parallax, relative object size and height, instead of 

using binocular visual cues like depth and disparity perception.  

Reduced expression of PSD-95 has been previously implicated in hypersociability 

(Winkler et al., 2018), PFC-mediated learning and working memory deficits (Coley and 

Gao, 2019), hippocampus-mediated spatial learning deficits (Migaud et al., 1998) and 

has been hypothesised to play a role in autism and schizophrenia (Coley and Gao, 

2018). PSD-95 might cause sensorimotor impairments, as has been observed with 
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Shank3 KO mice, an ASD model (Kloth et al., 2015; Falc«o et al., 2024). In the context 

of predation, late-CP Shank3 KO mice showed motor deficits in terms of immobility 

both at baseline and approach towards prey, characterised by an inability to efficiently 

modulate their speed like the WTs (Kuhnle et al., 2022). Loss of Shank3 has also been 

shown to disrupt synaptic scaling and homeostatic plasticity mechanisms but leaving 

basal synaptic properties unaffected in V1 excitatory pyramidal neurons (Tatavarty et 

al., 2020). The removal of PSD-95 also affects homeostatic plasticity by blocking 

synaptic downscaling (Sun and Turrigiano, 2011). Like Shank3 KOs, we observed that 

even with sufficient training, PSD-95 KOs exhibited slightly elevated baseline 

immobility (Figure 4). However, during approach phases, WT and KO mice showed 

similar extents of arrest-like states. Although KOs with substantial experience in 

predation exhibit slower speeds in comparison to WTs, their improvement in predation 

with monocular vision isnôt caused by a differential modulation of speed; the KOs have 

comparable speed modulation in binocular vs. monocular conditions. KOs, travelled 

greater distances in comparison to WTs but with monocular vision, travelled lesser 

distances at baseline compared to WTs. This might be a consequence of better prey 

detection and lower prey investigation times in monocular KOs thereby leading to 

greater efficiency in active prey pursuit and capture. The superior colliculus (SC) is a 

key player in the circuitry regulating prey capture behaviour (Furigo et al., 2010; Shang 

et al., 2019; Zhao et al., 2019). Wide-field (WF) and narrow-field (NF) cells in the SC 

respectively signal prey detection and accurate orienting for sustained approaches 

towards prey (Hoy et al., 2019). More recent studies have linked the emergence and 

refinement of predation during CP (Allen et al., 2022; Kuhnle et al., 2022) including in 

the context of ODP in binocular neurons of SC (Hu et al., 2024). Moreover, a subset 

of ipsilaterally projecting retinal ganglion cells (ipsi-RGCs) have been shown to 

facilitate efficient predatory behaviour (Johnson et al., 2021), particularly those 

projecting to SC (Su et al., 2021). Although the precise functional loci of PSD-95 in the 

visual circuitry for predation have not been investigated till date. PSD-95 has been 

shown to mediate SC synaptic maturation by the unsilencing of silent synapses to 

promote juvenile SC LTP (Zhao et al., 2013). It is therefore important to assess how 

receptive field tuning is affected in these SC and bV1 neuronal populations with the 

loss of PSD-95. 
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Supporting the observations of vision and PSD-95 dependent predatory behaviour 

was the lack of effect during darkness: both WT and KO exhibited a similar degree of 

impairment irrespective of MD when having to hunt in darkness (Figure S3). This is in 

line with Hoy et al. 2016, which reported predatory behaviour in adult WT mice to be 

compromised in darkness. This assessment confirmed that the observed 

impairments/improvements in predation are vision-dependent in both genotypes. Of 

particular interest is keeping the prey within the binocular field, as both juvenile and 

monocularly deprived adult mice fail to keep prey efficiently within the binocular visual 

field (Allen et al., 2022; Hoy et al., 2016; Johnson et al., 2021). We found that adult 

PSD-95 KOs, with both binocular and monocular vision, maintain a strong binocular 

field bias unlike WTs, who fail to maintain this bias with monocular vision (Figure 5). 

Mice utilise their large binocular visual field during active prey pursuit (Hoy et al., 2016, 

Johnson et al., 2021) by maintaining the prey image in the upper-temporal visual field 

where there is minimal optic flow, and the density of alpha-ON retinal ganglion cells 

are higher than other retinal subregions (Holmgren et al., 2021). These cells possess 

centre-surround receptive fields and innervate SC and dLGN (Huberman et al., 2008; 

Krieger et al., 2017). This specialised area of visual space moreover corresponds to a 

region of higher spatial resolution in V1, where the population receptive fields are 

substantially small (van Beest et al., 2021). It is also known that SC neurons respond 

to the direction of visual motion with the border between the SC monocular and 

binocular zones separating nasally and temporally tuned direction selective neurons, 

respectively (Malmazet et al., 2018). Mice have been known to employ a saccade-

and-fixate strategy driven in part by coordinated eye and head movements (Meyer et 

al., 2020; Michaiel et al., 2020), with individual SC neurons driving head and eye 

movements via their innervations to specific modules in the medulla and pons, 

respectively, of the hindbrain (Zahler et al., 2023). On the other hand, V1 neurons 

encode gaze shift information (Parker et al., 2023) and are significantly modulated by 

head movements (Meyer et al., 2018). It remains to be seen whether PSD-95 KO mice 

exhibit the observed pattern of gaze shifts and neutral vergence during approach 

epochs towards prey and how it impacts SC and V1 activity. 

To summarise, this study confirmed that the maturation of AMPA-silent synapses 

mediated by PSD-95 is likely involved in binocular visual processing, in terms of 

optimising prey capture behaviour and orientation discrimination abilities. Our results 
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suggest compromised binocular integration of visual inputs in the visual circuity and 

that monocular vision can partly improve visually guided behaviour when binocularity 

is compromised due to the loss of PSD-95. 
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2.6. Supplementary Tables and Figures 

 
Table S1: Prey capture test days (light trials) - Linear mixed effects model outputs 
  

Parameter Variable Estimate SE T value ɢ2 p(>ɢ2) 

Capture time 
      

 
mouse ID (random factor) 95.367 10.57 9.023 

  

 
Genotype (g) -69.08 12.214 -5.656 19.945 <0.0001 

 
visual condition (v) -29.361 9.211 -3.188 0.974 0.324 

 
trial sequence (t) -5.127 1.289 -3.978 15.826 <0.0001 

 
genotype*visual condition 
(g*v) 

44.796 12.822 3.494 12.206 0.0004 

Capture time (baseline 
immobility subtracted) 

      

 
mouse ID (random factor) 78.964 7.783 10.145 

  

 
genotype -56.677 9.082 -6.24 23.286 <0.0001 

 
visual condition -23.484 6.599 -3.559 0.924 0.336 

 
trial sequence -3.977 0.927 -4.291 18.409 <0.0001 

 
genotype*visual condition 37.084 9.185 4.038 16.302 <0.0001 

Time to 1st approach 
      

 
mouse ID (random factor) 7.599 2.131 3.566 

  

 
genotype -6.857 2.407 -2.849 1.951 0.162 

 
visual condition -5.688 2.165 -2.628 1.283 0.257 

 
trial sequence 0.177 0.295 0.6 0.36 0.549 

 
genotype*visual condition 8.159 3.119 2.616 6.842 0.009 

Time to 1st approach 
(baseline immobility 
subtracted) 

      

 
mouse ID (random factor) 5.909 1.559 3.791 

  

 
genotype -5.217 1.758 -2.968 1.567 0.211 

 
visual condition -4.444 1.59 -2.794 1.162 0.281 

 
trial sequence 0.183 0.216 0.847 0.718 0.397 

 
genotype*visual condition 6.677 2.292 2.914 8.489 0.004 

approach frequency 
(approaches/second) 

      

 
mouse ID (random factor) 0.142 0.023 6.004 

  

 
genotype 0.12 0.027 4.498 20.0866 <0.0001 

 
visual condition -0.002 0.024 -0.099 3.951 0.047 

 
trial sequence 0.003 0.003 0.911 0.83 0.362 

 
genotype*visual condition -0.067 0.035 -1.93 3.727 0.054 
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p(contact | approach) 
      

 
mouse ID (random factor) 0.494 0.069 7.161 

  

 
genotype 0.281 0.079 3.565 15.718 <0.0001 

 
visual condition 0.002 0.068 0.025 0.834 0.361 

 
trial sequence 0.02 0.009 2.175 4.731 0.03 

 
genotype*visual condition -0.097 0.098 -0.989 0.979 0.322 

p(capture | contact) 
      

 
mouse ID (random factor) 0.081 0.071 1.14 

  

 
genotype 0.37 0.89 4.162 11.636 0.0006 

 
visual condition 0.033 0.048 0.696 2.659 0.103 

 
trial sequence 0.019 0.007 2.813 7.913 0.005 

 
genotype*visual condition -0.172 0.067 -2.583 6.67 0.0098 

Mean contact duration 
      

 
mouse ID (random factor) 1.603 0.389 4.12 

  

 
genotype -1.008 0.46 -2.194 2.933 0.087 

 
visual condition -0.774 0.318 -2.436 4.169 0.041 

 
trial sequence 0.111 0.045 2.486 6.179 0.013 

 
genotype*visual condition 0.624 0.442 1.411 1.99 0.158 

Total contact duration 
      

 
mouse ID (random factor) 15.268 1.658 9.209 

  

 
genotype -11.465 2.072 -5.532 16.237 <0.0001 

 
visual condition -6.385 1.083 -5.894 13.21 0.0003 

 
trial sequence -0.412 0.155 -2.659 7.073 0.008 

 
genotype*visual condition 7.065 1.507 4.69 21.988 <0.0001 

Baseline immobility 
      

 
mouse ID (random factor) 13.259 2.044 6.486 

  

 
genotype -7.888 2.381 -3.313 10.466 0.001 

 
visual condition -0.478 1.743 -0.274 0.535 0.465 

 
trial sequence -0.892 0.245 -3.644 13.277 0.0003 

 
genotype*visual condition 2.666 2.427 1.099 1.207 0.272 

Arrests during approach 
      

 
mouse ID (random factor) 1.745 0.689 2.532 

  

 
genotype 0.31 0.799 0.388 0.256 0.613 

 
visual condition 0.509 0.653 0.779 0.002 0.962 

 
trial sequence 0.151 0.091 1.655 2.739 0.098 

 
genotype*visual condition -1.108 0.941 -1.177 1.384 0.239 
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Baseline distance tr. 
      

 
mouse ID (random factor) 467.641 38.46 12.159 

  

 
genotype -305.251 46.67 -6.541 25.375 <0.0001 

 
visual condition -114.614 31.748 -3.61 0.887 0.346 

 
trial sequence -19.615 4.544 -4.317 18.633 <0.0001 

 
genotype*visual condition 194.416 45.832 4.242 17.994 <0.0001 

Approach distance tr. 
      

 
mouse ID (random factor) 159.383 14.803 10.767 

  

 
genotype -71.849 16.591 -4.331 18.084 <0.0001 

 
visual condition -3.634 15.348 -0.237 2.444 0.118 

 
trial sequence -4.387 2.067 -2.123 4.505 0.034 

 
genotype*visual condition 43.624 22.113 1.973 3.892 0.049 

Baseline speed 
      

 
mouse ID (random factor) 5.745 1.709 3.361 

  

 
genotype 4.765 2.163 2.203 3.743 0.053 

 
visual condition 1.054 1.172 0.899 0.055 0.814 

 
trial sequence 0.259 0.17 1.519 2.307 0.129 

 
genotype*visual condition -1.792 1.695 -1.057 1.118 0.29 

Approach speed 
      

 
mouse ID (random factor) 14.268 1.531 9.318 

  

 
genotype 5.295 1.91 2.773 14.059 0.0002 

 
visual condition -0.485 1.131 -0.429 0.175 0.675 

 
trial sequence 0.185 0.164 1.129 1.274 0.259 

 
genotype*visual condition 1.734 1.634 1.061 1.126 0.289 

Abs. prey azimuth 
      

 
genotype -0.189 3.581 -0.053 5.941 0.015 

 
visual condition 3.379 2.562 1.319 8.626 0.003 

 
trial sequence -0.346 0.394 -0.877 0.769 0.38 

 
genotype*visual condition 9.139 4.553 2.007 4.028 0.045 
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Table S2: Test days (dark trials) - Linear mixed effects analysis outputs 
  
Parameter Variable Estimate SE T value ɢ2 p(>ɢ2) 

Capture time 
      

 
mouse ID (random 
factor) 

113.471 24.51 4.63 
  

 
genotype -21.584 29.412 -0.734 2.408 0.121 

 
visual condition 33.36 22.884 1.458 1.641 0.2 

 
trial sequence -7.954 2.928 -2.717 7.381 0.007 

 
genotype*visual 
condition 

-25.452 32.162 -0.791 0.626 0.429 

Time to 1st approach 
      

 
mouse ID (random 
factor) 

4.333 2.906 1.491 
  

 
genotype 0.395 3.514 0.112 0.311 0.577 

 
visual condition 3.836 2.748 1.396 1.303 0.254 

 
trial sequence -0.387 0.357 -1.084 1.176 0.278 

 
genotype*visual 
condition 

-3.281 3.922 -0.837 0.7 0.403 

approach frequency 
(approaches/second) 

      

 
mouse ID (random 
factor) 

0.084 0.056 1.492 
  

 
genotype -0.042 0.071 -0.589 0.238 0.626 

 
visual condition -0.048 0.046 -1.047 0.195 0.659 

 
trial sequence 0.019 0.006 3.175 10.081 0.001 

 
genotype*visual 
condition 

0.124 0.065 1.896 3.594 0.058 

p(contact | approach) 
      

 
mouse ID (random 
factor) 

0.329 0.113 2.913 
  

 
genotype -0.078 0.142 -0.547 0.492 0.483 

 
visual condition 0.035 0.092 0.379 0.2 0.654 

 
trial sequence 0.031 0.012 2.6 6.762 0.009 

 
genotype*visual 
condition 

-0.012 0.131 -0.093 0.009 0.926 

p(capture | contact) 
      

 
mouse ID (random 
factor) 

0.116 0.114 1.021 
  

 
genotype 0.123 0.143 0.862 0.71 0.399 

 
visual condition 0.084 0.092 0.911 1.079 0.299 

 
trial sequence 0.017 0.012 1.426 2.032 0.154 

 
genotype*visual 
condition 

-0.034 0.129 -0.266 0.071 0.79 
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Mean contact duration 
      

 
mouse ID (random 
factor) 

1.832 0.717 2.554 
  

 
genotype -1.716 0.835 -2.055 0.054 0.817 

 
visual condition -1.339 0.729 -1.837 0.04 0.841 

 
trial sequence 0.155 0.092 1.682 2.83 0.093 

 
genotype*visual 
condition 

2.796 1.025 2.728 7.444 0.006 

Total contact duration 
      

 
mouse ID (random 
factor) 

13.84 3.039 4.555 
  

 
genotype -7.338 3.518 -2.086 6.051 0.014 

 
visual condition 0.702 3.14 0.224 0.7 0.403 

 
trial sequence -0.188 0.394 -0.477 0.227 0.634 

 
genotype*visual 
condition 

2.15 4.413 0.487 0.238 0.626 

Baseline immobility 
      

 
mouse ID (random 
factor) 

4.136 1.179 3.509 
  

 
genotype -2.988 1.211 -2.446 1.035 0.309 

 
visual condition -0.703 1.063 -0.661 2.788 0.095 

 
trial sequence 0.049 0.14 0.352 0.124 0.725 

 
genotype*visual 
condition 

3.849 1.509 2.551 6.509 0.011 

Arrests during approach 
      

 
mouse ID (random 
factor) 

2.366 0.801 2.953 
  

 
genotype -0.498 0.949 -0.524 0.002 0.969 

 
visual condition -0.86 0.806 -1.067 0.639 0.424 

 
trial sequence 0.185 0.104 1.783 3.179 0.075 

 
genotype*visual 
condition 

0.818 1.15 0.711 0.505 0.477 

Baseline distance tr. 
      

 
mouse ID (random 
factor) 

906.848 116.107 7.81 
  

 
genotype -389.249 122.304 -3.183 17.675 <0.0001 

 
visual condition -34.617 100.514 -0.344 0.195 0.659 

 
trial sequence -48.273 13.885 -3.477 12.087 0.0005 

 
genotype*visual 
condition 

6.265 145.404 0.043 0.0019 0.966 

Approach distance tr. 
      

 
mouse ID (random 
factor) 

503.436 65.007 7.744 
  

 
genotype -175.318 66.323 -2.643 16.586 <0.0001 

 
visual condition 6.632 57.564 0.115 0.062 0.803 

 
trial sequence -27.371 7.98 -3.43 11.765 0.0006 
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genotype*visual 
condition 

-34.569 83.191 -0.416 0.173 0.678 

Baseline speed 
      

 
mouse ID (random 
factor) 

7.792 2.078 3.749 
  

 
genotype 4.236 2.287 1.852 1.873 0.171 

 
visual condition -0.355 1.728 -0.205 2.332 0.127 

 
trial sequence 0.106 0.237 0.445 0.199 0.656 

 
genotype*visual 
condition 

-3.145 2.5 -1.258 1.583 0.208 

Approach speed 
      

 
mouse ID (random 
factor) 

13.524 1.663 8.131 
  

 
genotype 1.786 2.181 0.819 0.638 0.425 

 
visual condition 1.317 1.139 1.156 2.036 0.154 

 
trial sequence 0.058 0.148 0.391 0.153 0.696 

 
genotype*visual 
condition 

-0.361 1.613 -0.224 0.05 0.823 

Abs. prey azimuth 
      

 
mouse ID (random 
factor) 

503.436 65.007 7.744 
  

 
genotype -175.318 66.323 -2.643 16.586 <0.0001 

 
visual condition 6.632 57.564 0.115 0.062 0.803 

 
trial sequence -27.371 7.98 -3.43 11.765 0.0006 

 
genotype*visual 
condition 

-34.569 83.191 -0.416 0.173 0.678 
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Figure S1. Inexperienced WTs are better hunters than inexperienced KO mice. 
(A) Prey approach frequency of PSD-95 WTs and KOs on the first day of cricket 
exposure in the arena. WT: 0.06Ñ0.009, n=21; KO: 0.01Ñ0.003, n=13. Linear mixed 
effects model, ɢ2g=9.157, p=0.002. (B) Time taken to initiate the first approach towards 
prey (immobility duration subtracted). WT: 17.16Ñ12.11 s, n=21; KO: 43.28Ñ7.562 s, 
n=13. Linear mixed effects model after outlier correction, ɢ2g=32.715, p<0.0001. (C) 
Probability to contact prey during an ongoing approach epoch. WT: 0.38Ñ0.04, n=21; 
KO: 0.08Ñ0.04, n=13. Linear mixed effects model, ɢ2g=19.536, p<0.0001. (D) 
Percentage of time mice stay immobile in a trial. WT: 23.48Ñ2.38, n=21; KO: 
65.06Ñ3.43, n=15. Linear mixed effects model, ɢ2g=78.053, p<0.0001. (E) Distance 
covered by mice when not actively approaching prey. WT: 1024Ñ156.2 cm, n=21; KO: 
763.7Ñ93.7 cm, n=13. Linear mixed effects model, ɢ2g=1.136, p=0.286. (F) Distance 
traversed during prey approach phases. WT: 328.6Ñ44.05 cm, n=21; KO: 124.2Ñ40.11 
cm, n=13. Linear mixed effects model, ɢ2g=8.254, p=0.004. (G) Speed of mice when 
not stationary and not approaching prey. WT: 2.57Ñ0.35, n=21; KO: 1.21Ñ0.08, n=13. 
Linear mixed effects model, ɢ2g=4.424, p=0.035. (H) Speed of mice when actively 
approaching prey. WT: 12.29Ñ0.37, n=21; KO: 7.84Ñ0.92, n=13. Linear mixed effects 
model, ɢ2g=16.596, p<0.0001. (I) Speed of mice 1s before and after contact with prey. 
Dashed line indicates the time of contact. (J) Absolute mean prey azimuth as a 
function of mouse-cricket distance till contact during approach. (K) Polar probability 
histograms (10Ü bins) of azimuth at the end of approach towards prey. Dashed red line 
indicates the binocular visual field (40Ü). Bars indicate meanÑSEM of pooled trials from 
7/5 WT/KO mice. Each data point D corresponds to % of immobility in each trial 
respectively. Data points in G and H correspond to the median mouse speed in a trial. 
*p < 0.05, **p < 0.01, ****p < 0.0001. 
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Figure S2. Baseline immobility duration subtracted prey capture and detection 
times on test days. (A) Prey capture time of WTs and KOs with binocular and 
monocular vision. WT binocular: 8.84Ñ0.89 s, n=31; WT monocular: 20.76Ñ3.04 s, 
n=32; KO binocular: 62.86Ñ9.85 s, n=27; KO monocular: 36.96Ñ4.24 s, n=34. Linear 
mixed effects model with estimated marginal means for multiple comparisons. 
ɢ2g=23.29, p<0.0001; ɢ2v=0.92, p=0.33; ɢ2g*v=16.3, p<0.0001. WTb - WTm: 
t(106.2)=2.12, p=0.037; KOb - KOm: t(107.1)=3.556, p=0.001; WTb ï KOb: 
t(25.5)=6.232, p<0.0001; WTm - KOm: t(22.5)=2.23, p=0.037. (B) Latency to initiate first 
approach towards prey with and without binocular vision. WT binocular: 8.84Ñ0.89 s, 
n=31; WT monocular: 3.63Ñ0.66 s, n=31; KO binocular: 6.73Ñ2.25 s, n=27; KO 
monocular: 2.42Ñ0.49 s, n=34. Linear mixed effects model with estimated marginal 
means for multiple comparisons. ɢ2g=1.567, p=0.211; ɢ2v=1.162, p=0.28; ɢ2g*v=8.489, 
p=0.003. WTb - WTm: t(103)=1.347, p=0.24; KOb - KOm: t(102)=2.789, p=0.013; WTb ï 
KOb: t(43.6)=2.951, p=0.013; WTm - KOm: t(34.6)=0.913, p=0.368. 
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Figure S3. Predatory behaviour of WTs/KOs under darkness. (A) Time taken to 
capture prey. WT binocular: 37.72Ñ5.57 s, n=16; WT monocular: 54.04Ñ11.57 s, n=22; 
KO binocular: 68.25Ñ12.25 s, n=17; KO monocular: 92.9Ñ27.1 s, n=18. Linear mixed 
effects model: ɢ2g=2.41, p=0.12; ɢ2v=1.64, p=0.2; ɢ2g*v=0.63, p=0.43. (B) Rate of 
approaches towards prey. WT binocular: 0.18Ñ0.02, n=15; WT monocular: 0.23Ñ0.05, 
n=22; KO binocular: 0.18Ñ0.03, n=17; KO monocular: 0.17Ñ0.02, n=18. Linear mixed 
effects model: ɢ2g=0.24, p=0.63; ɢ2v=0.19, p=0.66; ɢ2g*v=3.6, p=0.058. (C) Latency to 
initiate the first approach sequence in a trial. WT binocular: 2.63Ñ0.65 s, n=15; WT 
monocular: 3.06Ñ0.77 s, n=22; KO binocular: 3.07Ñ1.04 s, n=17; KO monocular: 
5.79Ñ3.59 s, n=18. Linear mixed effects model: ɢ2g=0.31, p=0.58; ɢ2v=1.3, p=0.25; 
ɢ2g*v=0.7, p=0.4. (D) Probability of a contact given a successful approach. WT 
binocular: 0.45Ñ0.07, n=15; WT monocular: 0.44Ñ0.07, n=22; KO binocular: 
0.53Ñ0.07, n=17; KO monocular: 0.58Ñ0.06, n=18. Linear mixed effects model: 
ɢ2g=0.49, p=0.48; ɢ2v=0.2, p=0.65; ɢ2g*v=0.01, p=0.93. (E) Probability to capture prey. 
WT binocular: 0.34Ñ0.07, n=16; WT monocular: 0.38Ñ0.07, n=22; KO binocular: 
0.21Ñ0.03, n=17; KO monocular: 0.32Ñ0.09, n=18. Linear mixed effects model: 
ɢ2g=0.7, p=0.4; ɢ2v=1.08, p=0.3; ɢ2g*v=0.07, p=0.79. (F) Total time spent in contact with 
prey in a trial. WT binocular: 5.58Ñ1 s, n=16; WT monocular: 8.28Ñ1.66 s, n=22; KO 
binocular: 13.03Ñ2.21 s, n=17; KO monocular: 13.4Ñ3.08 s, n=18. Linear mixed effects 
model: ɢ2g=0.05, p=0.82; ɢ2v=0.04, p=0.84; ɢ2g*v=7.44, p=0.006. (G) Baseline 
immobility of mice. WT binocular: 1.31Ñ0.38%, n=16; WT monocular: 4.58Ñ0.88%, 
n=22; KO binocular: 4.36Ñ0.77%, n=17; KO monocular: 3.71Ñ0.63%, n=18. Linear 
mixed effects model: ɢ2g=1.04, p=0.3; ɢ2v=2.79, p=0.095; ɢ2g*v=6.51, p=0.01. WTb - 
WTm: t(68)=2.91, p=0.019; KOb - KOm: t(67.7)=0.65, p=0.52; WTb ï KOb: t(20.1)=2.4, 
p=0.053; WTm - KOm: t(19)=0.75, p=0.037. (H) Distance travelled by mouse at 
baseline. WT binocular: 195.6Ñ42.74 cm, n=14; WT monocular: 253.3Ñ40.72 cm, 
n=22; KO binocular: 614.7Ñ104.1 cm, n=17; KO monocular: 555.1Ñ95.79 cm, n=18. 
Linear mixed effects model: ɢ2g=17.67, p<0.0001; ɢ2v=0.195, p=0.66; ɢ2g*v=0.002, 
p=0.97. WTb - WTm: t(65.9)=0.27, p=0.79; KOb - KOm: t(65.5)=0.34, p=0.79; WTb ï 
KOb: t(20.8)=3.1, p=0.011; WTm - KOm: t(17.6)=3.38, p=0.011. (I) Distance travelled by 
mouse during approach phases. WT binocular: 154.1Ñ31.23 cm, n=14; WT monocular: 
165.1Ñ21.53 cm, n=22; KO binocular: 341.4Ñ64.31 cm, n=17; KO monocular: 
325.7Ñ48.85 cm, n=18. Linear mixed effects model: ɢ2g=16.59, p<0.0001; ɢ2v=0.06, 
p=0.8; ɢ2g*v=0.17, p=0.68. WTb - WTm: t(66)=0.46, p=0.86; KOb - KOm: t(65.6)=0.11, 
p=0.91; WTb ï KOb: t(21.5)=2.56, p=0.036; WTm - KOm: t(19.3)=3.43, p=0.011. (J) 
Baseline speed of mice. WT binocular: 13.01Ñ1.76 cm/s, n=14; WT monocular: 
8.94Ñ1.41 cm/s, n=22; KO binocular: 8.5Ñ0.87 cm/s, n=17; KO monocular: 8.37Ñ0.68 
cm/s, n=18. Linear mixed effects model: ɢ2g=1.87, p=0.17; ɢ2v=2.33, p=0.13; 
ɢ2g*v=1.58, p=0.21. (K) Mouse speed 1s before and after contact with prey. Dashed 
line indicates the time of contact. (L) Prey azimuth as a function of mouse-cricket 
distance till the end of a successful approach. (M) Polar histogram of azimuth at the 
end of successful approaches. Dashed red line indicates the binocular visual field 
(Ñ20Ü). Bars indicate meanÑSEM of pooled trials from 4/6 WT and 5/4 KO mice under 
binocular and monocular conditions respectively. Each data point in G corresponds to 
% of immobility in each trial. Data points in H correspond to the median mouse speed 
in a trial. *p < 0.05. 
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3.1. Abstract 

 

Binocularity, a central feature required for precise depth perception, is shaped and 

refined during a temporally restricted critical period (CP) in early postnatal 

development, characterised by heightened cortical plasticity and network refinement. 

Postsynaptic density 95 (PSD-95), a key protein present in excitatory postsynapses, 

has been previously shown to play a crucial role in the timely closure of CP for juvenile-

like ocular dominance plasticity (jODP) via the maturation of Ŭ-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) silent synapses which are abundantly 

present before eye-opening and only mature during CP. However, little is known about 

the impact of PSD-95 on the development of receptive field tuning characteristics of 

neurons in the binocular visual cortex (bV1) which ultimately leads to optimal 

binocularity. Utilising repeated 2-photon Calcium imaging in bV1 of awake head-

restrained PSD-95 wildtype (WT) and knock-out (KO) mice, we probed and tracked 

visually responsive and selective neurons present in layers 2/3 over multiple days. The 

proportion of visually responsive binocular neurons in KO mice were found to be higher 

than in WT mice but were similar when filtered for orientation selectivity. KO binocular 

neurons exhibited greater binocular mismatch in orientation preference, lower 

similarity between the two eyesô tuning matrices, greater contralateral dominance and 

increased linearity in binocular integration. Both KO binocular and monocular neuron 

populations exhibited greater orientation selectivity than in WT populations. However, 

other tuning features like distributions of orientation and spatial frequency preferences 

and cardinal orientation bias in monocular neurons were similar between genotypes. 

Tracking of individual neurons over time revealed the magnitude of the drift in the 

preferred orientation of KO neurons to be lesser than the WT neurons in the short term 

with contralateral and binocular stimulation. Our results demonstrate the importance 

of PSD-95 in the optimal regulation of binocular visual features like orientation 

matching in bV1 by influencing the development and maturation of binocular neurons. 
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3.2. Introduction 

 

Binocular visual abilities are crucial evolutionarily conserved traits, known to facilitate 

the estimation of 3D depth cues from slightly disparate images that project onto the 

retinae of two eyes simultaneously (Nityananda and Read, 2017; Wheatstone, 1838). 

Although binocular vision has been known to be extensively utilised by primates and 

mammalian species (Cumming and DeAngelis, 2001; Parker, 2007), it is now an 

established fact that even non-foveate species including mice actively use binocular 

visual cues in ethologically relevant behaviours such as climbing (Boone et al., 2021) 

and predation (Johnson et al., 2021; Michaiel et al., 2020). Recent investigations 

revealed that neurons in mouse binocular visual cortex (bV1) are also tuned to detect 

a wide range of binocular disparities to encode depth information (Chioma et al., 2019, 

2020; Samonds et al., 2019; Scholl et al., 2013). The cortical circuitry that facilitates 

the development of binocularity is initially malleable and is sensitive to visual 

experience during the temporally restricted critical period (CP) in the primary visual 

cortex, first observed in kittens (Wiesel and Hubel, 1963a, 1963b). The CP is a state 

of heightened plasticity which is characterised by visual experience-dependent 

refinement and maturation of neural circuits from the retina to the visual cortex to 

shape the overall network architecture (Espinosa and Stryker, 2012, Hooks and Chen, 

2020). Although mice V1 lack a distinct columnar organisation of orientation and ocular 

dominance (Drªger, 1975; but see Goltstein et al., 2023) which is a typical feature 

observed in other mammalian species like cats (Levay et al., 1978, Crair et al., 2001; 

Ohki et al., 2005) and macaques (Hubel et al., 1978), neurons in mouse V1 still 

respond selectively to a wide range of orientations and spatial frequencies (Niell and 

Stryker, 2008, 2010; Sohya et al., 2007). Binocular neurons in V1 are driven by both 

eyesô inputs, albeit with a bias towards the contralateral eye inputs which are shaped 

right after eye opening (Espinosa and Stryker, 2012; Hoy and Niell, 2015). For optimal 

formation and development of mouse V1 binocular neurons, cortical activity evoked 

by patterned contra- and ipsilateral visual stimulation are required (Faguet et al., 2009; 

Smith and Trachtenberg, 2007) which in turn, facilitates the gradual recruitment of 

initially monocular neurons into the binocular neuronal pool (Tan et al., 2020, 2021; 

Jenks and Shepherd, 2020). Ipsilaterally evoked binocular neuron responses are 

further optimised with visual experience during CP by sharpening of receptive field 
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tuning properties leading to overlapping cortical receptive fields and binocular 

matching of orientation preferences (Sarnaik et al., 2014; Tan et al., 2022; Wang et al., 

2010, 2013). Additionally, while the preferred orientation of individual neurons and 

neural responses to passive drifting gratings have been thought to be relatively stable 

over time (Jeon et al., 2018; Marks and Goard, 2021; Rose et al., 2016), recent studies 

indicate that neurons in adult mouse V1 exhibit modest drift in their preferred 

orientation (PO) over a time frame of days to weeks (Bauer et al., 2023). The observed 

ñrepresentational driftò in the context of V1 is thought to be an outcome of both 

experience-dependent Hebbian plasticity and experience-independent synaptic 

volatility (Bauer et al., 2023; Mongillo et al., 2017; Rule and OôLeary, 2022). 

One of the hallmarks of CPs is the continuous generation and elimination of nascent 

synapses onto dendritic spines with only favourable synapses being consolidated in 

an experience-dependent fashion (Holtmaat et al., 2005; Trachtenberg et al., 2002). 

Around 50% of these nascent glutamatergic synapses lacks Ŭ-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA)-receptors and only expresses N-methyl-D-

aspartate (NMDA) receptors before CP and are hence AMPAR-silent (Funahashi et 

al., 2013бШIssac et al., 1995; Yoshimura et al., 2003; Xiao et al., 2004). Previous 

observations saw a substantial proportion of these immature AMPA-silent synapses 

present in V1 during early CP and progressively decreasing during the CP via the 

experience-dependent incorporation of AMPARs in the post-synapse (Funahashi et 

al., 2013; Han et al., 2017; Huang et al., 2015; Rumpel et al., 2004). Although the CP 

in V1 is critical to the optimisation of binocular vision and silent synapses regulate the 

duration of these temporally restricted critical periods, the association between 

the development of binocularity and silent synapse maturation has not been probed 

systematically. We previously showed that postsynaptic density protein 95 (PSD-95) 

cell-autonomously plays a crucial role in the timely closure of CP for ocular dominance 

plasticity (ODP) (Huang et al., 2015). Removal of PSD-95 functionally led to a juvenile-

like ODP phenotype that persisted even during late adulthood (Huang et al., 2015) 

including altered spine dynamics in Layer 2/3 (L2/3) pyramidal neurons (PNs), 

structurally characterised by increased spine elimination and decreased spine 

formation after monocular deprivation (Yusifov et al., 2021). Moreover, an earlier 

electrophysiological study found a substantially reduced proportion of orientation-

preferring neurons in the visual cortex of PSD-95 KO mice (Fagiolini et al., 2003). 
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Intriguingly, PSD-95 knockout (KO) mice exhibited poorer orientation discrimination 

capabilities whilst possessing wild-type (WT) levels of visual acuity (Favaro et al., 

2018). Fewer orientation-preferring V1 neurons coupled with a behavioural deficit in 

orientation discrimination in PSD-95 KO mice indicated the reduced number of 

orientation-preferring cells might have disturbed tuning to visual stimuli. Therefore, we 

wanted to probe the functional consequences of the increased percentage of silent 

synapses on visually responsive and orientating preferring neurons in bV1 in the 

absence of PSD-95. To this end, we conducted repeated 2-photon calcium imaging of 

bV1 neurons in awake head-fixed adult mice to assess their general visual 

responsiveness, receptive field tuning properties and stability over days. 

Neurons in bV1, either responsive or selective to binocular and monocular visual 

stimulation by static sinusoidal gratings, were proportionally different between 

genotypes. Ipsilaterally responsive neurons were proportionally lower whereas the 

binocularly responsive population was higher in comparison to the WT population. 

Orientation selective contralateral neurons in KO bV1 were proportionally higher 

compared to the WTs but had equivalent distributions of both ipsilaterally and 

binocularly selective neurons. Selective binocular KO neurons displayed a higher 

degree of mismatch in orientation preference, were more contralaterally biased and 

displayed a lesser extent of sublinear binocular integration while maintaining above 

WT-level selectivity profiles to both ipsilateral and contralateral visual stimulation. 

While we observed PO drift in both the WTs and KOs, surprisingly, KO neurons 

displayed a greater degree of stability in their preference for orientations over days 

unlike in WTs where the basal magnitude of drift was relatively higher during the initial 

days of imaging. This was observed for neurons having selective responses to 

contralateral and binocular stimulation. Our results primarily show the importance of 

PSD-95 in the maturation of orientation tuning in the binocular neuronal population. 
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3.3. Materials and Methods 

 

Animals: All experimental procedures performed by following guidelines approved by 

the local government: Niedersªchsisches Landesamt f¿r Verbraucherschutz und 

Lebensmittelsicherheit. To generate Dlg4 +/+ and Dlg4 -/- transgenic mice used for the 

experiments, Dlg4 +/- female mice with a mixed 129SV/C57BL/6J background (Abbas 

et al., 2009; Huang et al., 2015; Yao et al., 2004), bred at an in-house animal facility, 

were mated with heterozygote males of the same line in the central animal facility of 

the University Medical Center, Gºttingen, Germany. Mice (see Table S1) were group-

housed in standard cages (26Ĭ20Ĭ14 cm) with a 12/12 h light/dark cycle, with food 

pellets and water available ad libitum. 7 (2/5 ǀ/ǁ; meanÑSD, ~P172Ñ66 at start of 

imaging) PSD-95 WT and 6 (4/2 ǀ/ǁ; meanÑSD, ~P203Ñ35 at start of imaging) PSD-

95 KO adult mice were used for generating the dataset. 

Surgery and virus injection: The cranial window implantation surgery for chronic Ca2+ 

imaging was performed as previously described (Holtmaat et al.,2009; Rose et 

al.,2016; Yusifov et al., 2021). Mice (>P60) were first anaesthetised using a 3-

component anaesthetic combination ((fentanyl 0.075 mg/kg, midazolam 7.5 mg/kg, 

medetomidine 0.75 mg/kg, i.p.). Following anaesthesia induction, the mouse body 

temperature was maintained at ~37ÜC throughout the surgery duration. Carprofen 

(5mg/kg, s.c.) and dexamethasone (0.2 mg/mouse, s.c.) were injected prior to scalp 

incision and fascia cleaning. A 2-component light-curing adhesive (OptiBond, Kerr) 

was applied on the cleaned skull after which a circular craniotomy (~4 mm diameter) 

was performed on the left hemisphere centred around the location of bV1. After careful 

removal of the bone, the exposed dura was cleaned with 0.9% saline-soaked gelatine 

sponge (Gelaspon, Braun) to keep the exposed tissue most and facilitate 

haemostasis. Afterwards, pAAV.Syn.GCaMP6s.WPRE.SV40 (Plasmid #100843, 

Addgene; Chen et al., 2013), preloaded into a glass micropipette, was injected ~200-

350 Õm below the pial surface (1 injection site, 600 nl/injection, ~30-35 nl/min), with 

the total injection volume distributed equally at 50 Õm spacings, using a pressure 

microinjection system (WPI) at stereotaxic coordinates indicating bV1 (1 mm anterior 

from lambda, 3 mm lateral to midline). The micropipette was retracted ~5 min after 

completion of injection and the cranial window was closed by placing a 4 mm glass 
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coverslip on top of the craniotomy and sealing it to the surrounding bone with light-

curing dental cement (Tetric EvoFlow). A custom-made titanium ring (0.7g, 14 mm) for 

subsequent head-restraining during imaging, was implanted on top of the craniotomy 

around the coverslip with dental cement and the skin behind the implant was sutured 

shut. A 3-component cocktail (naloxone 1.20 mg/kg, flumazenil 0.50 mg/kg, 

atipamezole 2.50 mg/kg, s.c.) was injected post-surgery to facilitate the emergence 

from anaesthesia and post-anaesthesia recovery. The operated upon mice were 

closely observed for 3-5 days before the subsequent habituation phase and imaging. 

Retinotopic mapping: Binocular V1 of the left hemisphere was located by imaging 

cortical responses to visual stimulation using intrinsic signal optical imaging (Kalatsky 

et al., 2003; Cang et al., 2005) as previously described (Yusifov et al., 2021; Akol et 

al., 2022). Mice were anaesthetised initially with 2.5% halothane and later maintained 

with 1.3-1.5% halothane delivered through a mixture of 1:1 O2/N2O and the body 

temperature was maintained at ~37ÜC via a feedback-controlled heating pad.  Visually 

evoked cortical responses were imaged by presenting a temporally periodic drifting 

horizontal bar restricted to the binocular visual field of the left V1 (20Ü wide, -5Ü-15Ü 

azimuth). The visual stimulus was presented to both eyes from a distance of ~25 cm 

via a monitor with a high refresh rate (Dell, P170Sb) and the cortical response at the 

stimulus frequency was extracted using Fourier analysis. The imaged frames were 

acquired using a 130x50 mm tandem sense configuration (Nikon) mounted to a CCD 

camera (Dalsa 1M30). The vascular image and V1 activity were acquired using 

illumination wavelengths of green (550Ñ10 nm) and red (610Ñ10 nm) respectively. 

Frames were acquired at 30 Hz with a temporal binning of 7.5 Hz. Two 5 min long 

activity maps were obtained where the stimulus was presented either at 90Ü or 270Ü 

drift direction and finally averaged to get the retinotopic map of bV1. 

Chronic in vivo 2-photon calcium imaging: Awake 2-photon Ca2+ imaging was 

performed using a Resonant-Galvo scanning microscope (MDR-R, Sutter) coupled 

with a mode-locked femtosecond Ti:Sapphire laser (Chameleon, Coherent) tuned to 

920 nm for GCaMP6s excitation. The laser beam was further modulated, and beam 

turnarounds were blanked by a Pockels cell to reduce fluorophore bleaching. The laser 

power at the sample varied between to 40-60 mW, depending on the extent of GCaMP 

expression.  Emitted light was collected via a 40x water-immersion objective (NA 0.8; 

Olympus), passed through an emission filter (525/20, Brightline HC) and finally 
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captured by a photomultiplier tube (Hamamatsu H10770PA). The microscope parts 

were controlled, and data was acquired using ScanImage (MBF Bioscience) via a data 

acquisition device (PXIe-1073, National Instruments). Image stacks from a single 

plane (200-280 Õm depth below the pial surface) were acquired at either 30.06 

(bidirectional scanning) Hz or 15.26 Hz (unidirectional scanning) over a ~563x563 Õm 

field of view (~1.1 Õm/pixel). Before starting chronic imaging, mice were gradually 

habituated to head-fixation for ~1 hr as previously described (Schwarz et al., 2010; 

Yusifov et al., 2021) for ~2-3 weeks to ensure minimal stress levels during imaging. 

Once mice developed tolerance to head-fixation in the restrainer box, mice were 

screened for GCaMP6s expression in bV1 under the 2-photon microscope by 

presenting flashing static gratings: Blood vessel patterns were used to locate bV1 

using wide-field imaging and then switched to 2-photon scanning to demarcate the 

region of interest (ROI) for subsequent chronic imaging based on the extent of GCaMP 

activity. Mice with weak expression of GCaMP were excluded from further imaging. 

The x-y-z coordinates of the ROI were noted for each mouse to re-localise the imaged 

ROI over days with micron-level precision. The visual stimulation protocol was adapted 

from previously published literature (Tan et al., 2020, 2021). Full-field flashing static 

sinusoidal gratings were generated using Psychtoolbox, a MATLAB-based package 

and presented at 2 (for two WT mice) or 4 Hz with full contrast on an LCD monitor (60 

Hz refresh rate), positioned ~21 cm away from the mouse and centred perpendicular 

to the mouseôs midline. The stimulus protocol consisted of 18 orientations (0-170Ü, 10Ü 

spacings), 8 or 10 spatial frequencies (0.0079 ï 0.1549 or 0.0233 ï 0.1549 

cycles/degree, depending on stimulus presentation rate at either 4Hz or 2Hz, 

respectively) evenly distributed on a log scale and 3 phases presented pseudo-

randomly, with each unique combination of orientation, spatial frequency and phase 

repeated 6 or 4 times when image acquisition frame rate was either 4Hz or 2Hz, 

respectively. Prior to chronic imaging, mice were presented with the same sinusoidal 

static gratings while head-restrained for 2-3 days. Over the course of imaging, the 

stimuli were presented to both eyes and to each eye (contra- and ipsilateral to left bV1) 

separately by putting a black non-adhesive tape in front of either eye in successive but 

separate imaging sessions. The total imaging duration (binocular, contra- and 

ipsilateral stimulation) took ~1 hr. Image stack timestamps and stimulus metadata 

were stored separately for later alignment of stimulus and fluorescence activity. For 

each mouse, only one ROI was imaged. 
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Data processing and analysis: The image stacks for each recording session were first 

pre-processed for source detection and registration using the óOnACIDô framework, 

based on the constrained non-negative matrix factorisation (CNMF) algorithm in 

CaImAn, a python-based Ca2+ imaging preprocessing toolbox, which includes rigid 

and non-rigid motion correction, neuronal source extraction and spike deconvolution 

(Pnevmatikakis et al., 2016; Giovannucci et al., 2017, 2019). CaImAn parameters like 

calcium indicator decay time, neuron half-size and imaging frame rate were adjusted 

accordingly, and the rest were kept at default values. Spatial components with signal-

to-noise ratio<3 were rejected from further steps in the preprocessing pipeline. To 

match neurons across time, we implemented a two-dimensional probabilistic model 

that incorporates the centroid distance and spatial footprint correlation of each 

detected neuron over imaging sessions using the Hungarian matching algorithm, as 

described previously (Sheintuch et al., 2017; Sato et al., 2020). Before matching 

neurons from one session to the other, the overall image displacement was calculated 

between 2 consecutive sessions. Sessions having a displacement >70 Õm compared 

to the inferred common reference frame were excluded from succeeding matching 

steps. Sessions that passed the criterion were shifted to match the reference frame 

and iteratively processed in chronological order to build the model for matching. The 

model assumes that a neuron detected in a particular session nearest to a neuron 

detected in the reference session has a higher probability of being the same neuron 

(nearest neighbour) than other neurons in the neighbouring vicinity. The spatial 

footprint correlation and distance were calculated for each neuron of a session with 

neurons in the reference session situated within 25 Õm of its location, such that after 

building the model, matched neurons have both a high spatial footprint correlation and 

the least shift in distance between sessions. After the matching of sessions for each 

mouse data, CaImAn was run again using the spatial footprints of all unique 

components as an additional input to further detect components that were not initially 

detected. 

The CaImAn inferred calcium trace and spiking activity were first sorted and aligned 

based on the stimulus onset times for each orientation. Spiking activity 0.25 standard 

deviation below the mean was considered as noise and discarded. Following 

previously published literature (Jimenez et al., 2018; Tan et al., 2020), the optimal 

response window of a neuron to a given stimulus was defined as the activity 200-467 
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ms and 200-717 ms after stimulus onset when the stimulus duration was 250 ms and 

500 ms respectively. Neurons were defined as visually responsive if their mean dF/F 

in response to any stimulus exceeded 6% of the baseline and passed the reliability 

criterion given by the equation (Ayzenshtat et al., 2016): 

ɿ  
ʈ ʈ

ʎ ʎ
 

Where ʈ and ʈ are mean firing rates and ʎ and ʎ are SD of the response to an 

orientation and baseline respectively. For each responsive neuron, a tuning matrix 

(orientation x spatial frequency) was plotted, and the preferred spatial frequency was 

chosen based on location of the maximum response (average of different phases and 

repeats for each SF-orientation combination) in the matrix. Since the tested 

orientations ranged from 0-170Ü, a modified single Gaussian function was fit for the 

neuronal response at the preferred spatial frequency for all tested orientations as 

defined below: 

2ʃ  
ρ

ςʎЍςʌ
Å  

Where 2ʃ is the mean response to gratings with orientation ɗ, ʃ  being the angle 

of the preferred orientation and ʎ being the width of the gaussian curve. The preferred 

orientation (PO) was defined as the angle at which the Gaussian curve peaked. Since 

the preferred orientation determined from the fit can take values greater than 

maximum stimulus orientation degree of 170Ü, values greater than 170Ü were 

converted to 0Ü. Additionally, orientation selectivity was determined from the fitted 

Gaussian curve using 1-Circular Variance (Mazurek et al., 2014; Xu et al., 2020b) as 

follows: 

ρ #ÉÒÃ6ÁÒ 
В2ʃÅ

В2ʃ
 

Where, 2ʃ corresponds to the inferred firing rate of a neuron at orientation ɗ. This is 

equivalent to global orientation selectivity index (gOSI), where values closer to 1 

indicate better tuning. The orientation selectivity index (OSI) was also computed from 

the Gaussian function given by the ratio as previously described (Niell and Stryker, 

2008; Wang et al., 2010): 
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Where Rpref and Rorth are neuronal responses to the preferred and orthogonal 

orientation, respectively. Neurons which passed the 6% dF/F threshold and had ɿ>0.9 

were considered responsive and neurons which passed these two thresholds and also 

had Gaussian R2>0.6 and OSI>0.33 were considered responsive and selective to a 

particular orientation. A neuron was considered binocular selective if it displayed 

responsiveness and orientation selectivity to both ipsi- and contralateral stimulation. 

The ocular dominance index (ODI) was calculated for the binocular neurons using the 

equation:  , where C and I refer to the estimated firing rate with either contralateral 

or ipsilateral visual stimulation of a neuron at its preferred spatial frequency and 

orientation. Similarly, ipsilateral and contralateral neurons were those which occurred 

only in ipsi- and contralateral stimulation conditions respectively. To assess binocular 

summation/integration, we looked at the relative response strength of binocular visual 

stimulation to the sum of the collective response elicited by monocular stimulation, as 

described previously (Zhao et al., 2013b). Binocular neurons which selectively 

responded to both monocular and binocular stimulation were considered, and the 

binocular integration ratio was calculated using the equation: , where Rbino, 

Rcontra and Ripsi are the estimated firing rates at the preferred spatial frequency and 

orientation for each of the stimulation conditions. For the monocular pool and neurons 

selective to binocular stimulation, the most selective response (highest gOSI) was 

considered for neurons which exhibited selective responses on multiple days. The 

proportion of neurons with cardinal orientation preference was assessed for each 

defined pool of neurons (adapted from Tan et al., 2022) by first plotting a histogram of 

POs (bin limits: 0-170Ü, bin width: 15Ü), defining 0Ñ15Ü and 90Ñ15Ü bins as the cardinal 

orientation range and finally calculating the cardinal proportion using the formula: , 

with Nc being the total count of neurons falling within the defined cardinal range and 

Nt being the total number of neurons. For the analysis of the binocularly selective pool, 

of all the occurrences over days for each unique neuron, the day with the minimum 

PO difference (ȹO) was chosen. ȹO of binocular neurons was calculated as the 

absolute difference of the ipsi- and contralateral PO (|POcontra - POipsi|) and were 

bounded between 0 to 90Ü by subtracting 180Ü from ȹO>90Ü (180Ü - ȹO), as previously 



ΥΥ 
 

described (Tan et al., 2022). To compare the similarity of the overall ipsi- and 

contralateral responses of binocular neurons, the tuning matrices for both conditions 

were correlated with each other. Receptive field properties and drift of the preferred 

orientation of neurons were assessed for all stimulus conditions separately. Ipsi- and 

contralateral responses of binocular neurons were also added in the respective ipsi- 

and contralateral pools of neurons. Neurons which were responsive and selective to 

the binocular stimulation condition were included for the receptive field and drift 

analysis under the binocular stimulation condition, irrespective of their ipsi- or 

contralateral responses. We assessed short- and long-term drift by pooling neurons 

which occurred with 1ï3-day intervals and 4ï10-day intervals respectively, from the 

initial day of occurrence (Dn). The Pearson correlation coefficient of the preferred 

orientation between Dn and the chosen day intervals (Dn+x) was assessed for each 

neuron and bootstrapped with replacement to generate 5000 samples of correlation 

coefficients. The probability density distributions of these correlation coefficients 

generated for the short-term and long-term intervals were then compared between and 

within each genotype to assess the differences in the drift of the preferred orientation. 

The magnitude of drift was calculated as previously described (Bauer et al., 2023) by 

taking the absolute value of the difference in the preferred orientation from the 

reference day to the chosen day interval (|POn ï POn+x|) and bounded within 0-90Ü. 

Statistical analyses: Mann-Whitney U tests were used for statistical comparisons of 

the violin plots and drift magnitude differences. Preferred orientation and spatial 

frequency histograms and cumulative distributions of drift magnitude were compared 

using the 2-sample Kolmogorov-Smirnov test. Proportions were tested for statistical 

significance using the Chi-squared test. The bootstrapped distributions of correlation 

coefficients were compared using a permutation test (detectdrift function). All related 

statistics were computed in MATLAB (Mathworks). Sample sizes were not 

predetermined for these experiments. 
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3.4. Results 

 

PSD-95 KO mice have differing fractions of monocular and binocular responsive 

and selective bV1 neurons 

To investigate the receptive field tuning characteristics of PSD-95 WT and KO mice, 

we measured the neuronal activity of neurons virally transfected with GCaMP6s under 

the Synapsin promoter in layer 2/3 of bV1, localised using intrinsic signal imaging 

(Kalatsky and Stryker, 2003), of adult WT and KO mice. (Fig. 1A, B). We were able to 

image from the same location of individual mice over multiple days (3-38 days; 

meanÑSEM, ~14Ñ10 days from a total of 7/6 WT/KO mice; Fig. S1), depending on the 

extent of GCaMP expression, quality of session-to-session matching and GCaMP 

bleaching. Sessions which had low correlations with the template session (1st 

recording session of each mouse) were discarded (see Materials and Methods). We 

were able to successfully image visually responsive and selective monocular and 

binocular neurons from both genotypes (Fig. 1C-E, Fig. S2, Fig. S3). The proportion 

of neurons responding to either or both eyes when presented with static sinusoidal 

gratings were found to be substantially different between genotypes (Fig. 1F). Based 

on the criteria used for visual responsiveness (F score>0.9; Fig. 1F, top), at a 

population level, we found more KO neurons (62%) to be binocularly responsive 

compared to that of WTs (54%). The proportion of ipsilaterally responsive (22/17% 

WT/KO) and unresponsive proportions (3/1% WT/KO) ï but not contralaterally 

responsive (21/20% WT/KO) ï neurons were significantly higher in WTs compared to 

the KOs. After sorting the visually responsive neurons for orientation selectivity (Fig. 

1F, bottom; Fig. S2), using a combination of the goodness of fit for the Gaussian 

function (GoF>0.6) and OSI (>0.33), we found the orientation selective binocular 

neuronal pool (exhibiting orientation selective responses to both ipsi- and contralateral 

visual stimulation) to decrease considerably (compared to the visually responsive 

pool) but remain similar between both genotypes (5/6 % WT/KO). The percentage of 

unselective neurons increased for both WTs and KOs, albeit to a much higher 

proportion in WTs compared to KOs (44/23% WT/KO). The KOs were found to contain 

a higher proportion of contralateral neurons vs. WTs (35/54% WT/KO) but a similar 

proportion of ipsilateral neurons (17/18% WT/KO).
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Figure 1. Distribution of visually responsive and selective neurons in PSD-95 
WT and KO mice. (A) Overview of the experimental timeline. GCaMP virus injection 
and cranial window implantation were carried out in >P60 mice. Mice were habituated 
to head-fixation and bV1 was localised ~1 week and ~2-3 weeks post-surgery 
respectively by acquiring the retinotopic map using intrinsic signal optical imaging 
(example image in inset). Calcium activity was imaged from localised bV1 of awake 
head-fixed mice presented with flashing static sinusoidal gratings. (B) Example max 
intensity z-stack projection of ~560x560 Õm imaging field of a mouse. (C) Example 
dF/F traces of contralateral and ipsilateral neurons of WT and KO mice. Inferred spike 
times are shown below each dF/F trace. The reconstructed spatial component of each 
neuron is displayed beside their corresponding activity profile. (D) Smoothened tuning 
matrices (orientation x spatial frequency) of the corresponding example neurons. 
Warmer colours indicate a higher estimated firing rate. The preferred spatial frequency 
is where the spiking activity is the highest in the smoothened matrix (corresponding 
row indicated by grey box). (E) Gaussian fit (solid lines) on the inferred firing rate at 
the preferred spatial frequency. Dotted lines indicate the raw firing rates at the given 
orientations. Upper and lower dotted lines on the curves indicate the half- and full width 
of the fitted curve. Although the stimulus orientation spanned 0-180Ü, the peak of the 
fitted curve can have values higher than 170Ü but less than 180Ü. (F) Pie charts 
depicting the global percentage of responsive (top; WT-KO: ɢ2=45.6, p=6.9039e-10; 
WT/KO, unresponsive: n=96/30, ɢ2=13.174, p=0.0003; binocular: n=1644/1250, 
ɢ2=22.07, p=2.6294e-06; contralateral: n=631/399, ɢ2=0.597, p=0.44; ipsilateral: 
n=666/332, ɢ2=31.53, p=1.9641e-08) and selective (bottom; WT-KO: ɢ2=226.893, 
p=6.496e-49; WT/KO, unselective: n=1206/416, ɢ2=200.118, p=0; binocular: 
n=128/99, ɢ2=0.135, p=0.713; contralateral: n=953/967, ɢ2=164.5, p=0; ipsilateral: 
n=472/316, ɢ2=1.55, p=0.213) neurons which are either monocular (responsive and/or 
selective to ipsilateral/contralateral visual stimulation) or binocular (responsive and/or 
selective to both ipsi- and contralateral visual stimulation). Light and dark green labels, 
including the corresponding significance stars, indicate responsive and selective 
neuronal populations, respectively. ***p<0.001, ****p<0.0001. 

 

PSD-95 deficient bV1 binocular neurons exhibit greater degree of binocular 

mismatch 

For the analysis of tuning properties of PSD-95 WT/KO neurons, we restricted 

ourselves to only the orientation selective population of neurons. We first focused on 

the unique selective binocular neurons (orientation selective for both contra- and 

ipsilateral visual stimulation) imaged over the course of the experiments for each 

animal (Fig. 2A-B; Fig. S4). The occurrence with the minimum orientation difference 

between contra- and ipsilateral stimulation was considered for those binocular neurons 

that appeared more than once over the course of imaging. Compared to WT neurons, 

KO binocular neurons were more excitable (characterised by higher estimated firing 

rates) with contralateral and binocular stimulation but exhibited lower activity with 
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ipsilateral stimulation (Fig. S5A). Both WT and KO binocular neurons elicited higher 

firing rates in response to the preferred grating orientation with contralateral vs. 

ipsilateral stimulation (Fig. S5A). The interocular difference in preferred orientation 

(ȹO) observed in the WTs (26.92Ñ2.32, n=128) were mostly consistent with previously 

published electrophysiological observations from adult mouse bV1 (Fu et al., 2023; 

Levine et al., 2017; Sarnaik et al., 2014; Wang et al., 2010, 2013). We found the KO 

binocular neurons to be almost 2x more mismatched in their preferred orientation 

(40.9Ñ2.72, n=99) than their WT counterparts (p<0.0001; Fig. 2C; S5B-C) while having 

a similar degree of matching in terms of the preferred spatial frequency (Fig. 2D). We 

then compared the degree of selectivity of the contra- and ipsilateral responses of 

these binocular responses (Fig. 2E-F). While the circular variance for the contra 

response was similar between genotypes, the ipsilateral selectivity was slightly higher 

in the KOs vs. WTs (Fig. 2E). The OSI (Fig. 2F, left) was significantly correlated 

between contra- and ipsilateral responses for both genotypes (WT: ɟ=0.25, p=0.004; 

KO: ɟ=0.41, p<0.0001) albeit with a greater degree of linearity for the KOs (1st order 

polynomial fit, WT: R2=0.06; KO: R2=0.17). Comparing OSI for individual eye response 

between genotypes (Fig. 2F, right) yielded a higher degree of orientation selectivity for 

both contra- and ipsilateral responses in the KOs vs. WTs. 
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Figure 2. Pronounced binocular mismatch of orientation preference in PSD-95 
KO mice. (A) Example binocular WT orientation selective neurons responding to 
binocular and monocular (contra- and ipsilateral) presentation of static sinusoidal 
gratings. Top left to right for each cell shows reconstructed spatial components of the 
neuron (scale bar: 10Õm) beside each of the dF/F traces (scale bars: 10s and 200% 
dF/F for x- and y-axes, respectively) and corresponding inferred spike times. Bottom 
left to right show the tuning matrices (inlaid box indicating responses at the preferred 
spatial frequency) and fitted Gaussian curves overlaid on raw inferred firing rates at 
the preferred spatial frequency under different stimulation conditions for each visual 
stimulation conditions. Upper and lower dotted lines on the curves indicate the half- 
and full width of the fitted curve. (B) Same as (A) but depicting 2 KO binocular neuronsô 
responses. (C) Violin plots depicting the absolute preferred orientation difference of 
WT and KO binocular neurons. WT: (meanÑSEM) 26.92Ñ2.32, n=128; KO: 40.9Ñ2.72, 
n=99; Mann-Whitney U test: U=12636, p<0.0001. (D) Violin plots depicting absolute 
differences of preferred spatial frequencies of the same binocular neurons under ipsi- 
and contralateral visual stimulation. WT: 0.022Ñ0.002; KO: 0.035Ñ0.004; Mann-
Whitney U test: U=13769.5, p=0.089. (E) 1-Circular Variance (gOSI) of the binocular 
neurons under contralateral (left, WT: 0.587Ñ0.017; KO: 0.624Ñ0.023; Mann-Whitney 
U test: U=13832, p=0.122) and ipsilateral (right, WT: 0.651Ñ0.017; KO: 0.732Ñ0.018; 
Mann-Whitney U test: U=13053, p=0.002) stimulation. (F) (left to right) Scatterplot of 
contralateral and ipsilateral OSI of binocular neurons. Lines, color-coded for genotype, 
are 1st order polynomial fits (WT: y = 0.253x + 0.398, R2=0.06, ɟ=0.25, p=0.004; KO: 
y = 0.455x + 0.336, R2=0.17, ɟ=0.41, p<0.0001). OSI of binocular neurons for 
contralateral (WT: 0.592Ñ0.015; KO: 0.677Ñ0.021; Mann-Whitney U test: U=13206, 
p=0.005) and ipsilateral (WT: 0.548Ñ0.015; KO: 0.644Ñ0.024; Mann-Whitney U test: 
U=13332.5, p=0.01) stimulation. (G) Ocular dominance index of binocular neurons. 1 
and -1 indicate purely contralateral and ipsilateral response, respectively. WT: 
0.073Ñ0.016; KO: 0.232Ñ0.023. Mann-Whitney U test: U=11755, p<0.0001. (H) 
Binocular integration ratio of WT and KO neurons which responded to both monocular 
and binocular stimulation. WT: 0.518Ñ0.02, n=46 from 33 neurons; KO: 0.65Ñ0.03, 
n=39 from 37 neurons. Mann-Whitney U test: U=1496, p<0.0001 (I) Percentage of 
WT/KO binocular neurons having significantly correlated vs. non-correlated tuning 
matrices. WT: 52.34/47.66; KO: 12.12/87.88. ɢ2=38.06, p=6.8936e-10. The mean and 
the median of the violin plots are depicted by the line and circle respectively. A standard 
boxplot is overlaid onto the violins (in light red) along with the scattered individual data 
points. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Given the mismatch of orientation preference despite the better degree of orientation 

selectivity of KO neurons, we wanted to evaluate the relative strength of the monocular 

visual responses of these binocular neurons based on their estimated evoked spiking 

activity by using the ocular dominance index (ODI) as a measure (Fig. 2G). We found 

the ODI (calculated from the estimated firing rates at the preferred orientation 

assessed from individual eye responses to presented gratings; see Methods), to be 

slightly contralaterally dominant for the WT binocular pool (0.07Ñ0.02), which is 

consistent with previous experimental findings and theoretical predictions (Gordon and 
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Stryker, 1996; Jenks and Shepherd, 2020; Mrsic-Flogel et al., 2007; Xu et al., 2020b; 

Fu et al., 2023). The KO binocular pool, on the other hand, exhibited on an average a 

significantly higher ODI (0.23Ñ0.02), which was mainly due to the higher contralaterally 

evoked and lower ipsilaterally evoked estimated firing rates, in comparison to WT 

neurons (Fig. S5A). bV1 neurons have been known to exhibit sublinear binocular 

summation/integration (sum of monocular firing rates at preferred orientation being 

twice that of the firing rate elicited at the preferred orientation with binocular 

stimulation; see Methods), which is thought to play a role in preserving orientation 

tuning in mice (Zhao et al., 2013b; Mitchell et al., 2022). We found KO neurons have 

a higher binocular integration ratio (WT: 0.52Ñ0.02; KO: 0.65Ñ0.03, p<0.0001), 

indicating a more linear integration, compared to WT neurons where the responses 

were, as expected, almost sublinear with an integration ratio of ~0.5 (Fig. 2H). To 

assess the orientation-spatial frequency tuning similarity between the two eyesô 

responses of the binocular neuronal pool, we correlated the contra- and ipsilateral 

tuning matrices for each of the binocular WT/KO neurons (Fig. 2I). We found a more 

than 4x higher proportion of WT binocular neuronsô contra and ipsilateral responses to 

be significantly correlated compared to that of the KOs (51.54/12.37 WT/KO; 

p<0.0001). These results suggest that PSD-95 KO binocular neurons poorly encode 

binocular information at a fundamental level of orientation preferences despite 

exhibiting higher degrees of selectivity for monocular inputs. 

 

PSD-95 KO neurons show WT-like preferences for orientations and spatial 

frequencies 

To better characterise the receptive field characteristics of the visually selective 

WT/KO neurons, we looked at the monocular pool consisting of purely contra- (Fig. 

3A-D; S2A-B; S3B, E) and ipsilateral (Fig. 3E-H; S2C-D; S3C, F) neurons separately. 

Selective monocular neurons consisted of those whose visual response evoked by the 

other eye either did not pass the criteria for selectivity (Fig. S2; see Methods) or were 

undetected during the course of imaging. Contralaterally selective KO neurons 

exhibited higher firing rates (Fig. S6A) whereas ipsilaterally selective neurons elicited 

lower firing rates (Fig S6B), at their preferred spatial frequency ï orientation, in 

comparison to WT neurons. We found that the KO contralateral neurons displayed a 



ΦΣ 
 

greater degree of orientation selectivity, as measured by 1-CV, compared to their WT 

counterparts (Fig. 3A). However, their preference for spatial frequencies (Fig. 3B) and 

orientations (Fig. 3C) were akin to those of the WT neurons with their distributions 

being very similar. The degree of bias to cardinal orientations (90Ü and 0Ü) of the 

contralateral pool was also similar between genotypes (Fig. 3D). The ipsilateral neuron 

pool also showed similar tuning characteristics: the selectivity of ipsilaterally tuned KO 

neurons was higher in terms of circular variance, than that of the WT neurons (Fig. 

3E) while the distributions of spatial frequency (Fig. 3F) and orientation (Fig. 3G) 

preferences remained comparable between genotypes. Although at a population level, 

ipsilateral KO neurons seemed to have a greater preference for 0Ü oriented gratings 

(Fig. 3G), the cardinal proportions at an individual mouse level remained similar 

between genotypes (Fig. 3H). We also looked at the tuning characteristics of neurons 

which had selective responses to binocular stimulation (Fig. 3I-L; S3A, D). The 

estimated firing rates of KO neurons were higher than WT neurons with binocular 

stimulation (Fig. S6C). However, we saw the same pattern as for the monocular 

neurons in terms of their tuning properties. Selectivity of KO neurons to binocular 

stimulation was slightly higher than that of the WT neurons (Fig. 3I) whereas the 

preferred spatial frequency (Fig. 3J) and orientation (Fig. 3K) distribution remained 

largely similar. No genotype differences in their preference for cardinal orientations 

were observed as well (Fig. 3L). The WT selectivity profiles, distribution of preferred 

spatial frequencies and cardinal proportions for all three cases are largely in 

agreement with previously published studies (Vreysen et al., 2012; Tan et al., 2021, 

2022). 
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Figure 3. WT and KO neurons in bV1 have similar receptive field properties. (A-
D) Receptive field properties of contralaterally selective neurons. (A) Violin plots 
depicting global orientation selectivity (1 - Circular Variance) of WT and KO 
contralaterally selective neurons. WT: 0.636Ñ0.006 (meanÑSEM), n=1171; KO: 
0.675Ñ0.006, n=1218; Mann-Whitney U=1311603, p<0.0001. (B) Normalised 
probability histogram (bin width: 0.03 cycles/degree) of preferred spatial frequencies 
of WT/KO contralateral neurons. meanÑSD, WT: 0.05Ñ0.01, KO: 0.057Ñ0.001; 2-
sample K-S test: D*=0.167, p=0.99. (C) Normalised probability density histograms (bin 
width: 10Ü) depicting the distribution of preferred orientations of WT/KO contralateral 
neurons. WT: 78.88Ñ1.43, KO: 81.91Ñ1.45; 2-sample K-S test: D*=0.278, p=0.426. (D) 
Proportions of WT/KO neurons preferring cardinal orientations (0Ñ15Ü and 90Ñ15Ü). 
WT: 0.376Ñ0.024, N=7; KO: 0.355-0.027, N=6; Mann-Whitney U=51, p=0.836. (E-H) 
Receptive field properties of ipsilaterally selective neurons. (E) Same as A but for ipsi-
neurons. WT: 0.675Ñ0.009, n=555; KO: 0.731Ñ0.01, n=357; Mann-Whitney 
U=236406, p<0.0001. (F) Same as B but for ipsi-neurons. WT: 0.054Ñ0.002, KO: 
0.052Ñ0.002; D*=0.167, p=0.99 (G) Same as C but for ipsi-neurons. WT: 78.83Ñ2.06, 
KO: 69.06Ñ2.92; D*=0.222, p=0.709. (H) Proportion of cardinally oriented ipsi-
selective neurons. WT: 0.45Ñ0.06, N=7; KO: 0.45Ñ0.04, N=6; Mann-Whitney U=51, 
p=0.84. (I) Same as A, E but for neurons which elicited selective responses to 
binocular stimulation. WT: 0.627Ñ0.008, n=832; KO: 0.652Ñ0.006; Mann-Whitney 
U=813000, p=0.017. (J) Histogram of preferred spatial frequencies of binocular 
stimulation selective neurons. WT: 0.051Ñ0.001, KO: 0.057Ñ0.001; D*=0.167, p=0.99. 
(K) Histogram of preferred orientations for binocular stimulation selective neurons. WT: 
79.39Ñ1.7, KO: 77Ñ1.44; D*=0.111, p=0.99. (L) Proportion of binocular stimulation 
selective neurons preferring cardinal orientations. Open circles denote individual mice. 
WT: 0.36Ñ0.031, N=7; KO: 0.354-0.019, N=6; Mann-Whitney U=53, p=0.628. 

 

Preferred orientation of KO neurons is more stable in the short-term 

Recent investigations in mouse V1 found evidence for representational drift of even 

canonical properties such as a neuronsô preferred orientation (PO) which are prone to 

change after ~3 days with the drift magnitude progressively increasing over a span of 

weeks (Bauer et al., 2023). The removal of PSD-95 has been known to confer a 

heightened degree of synaptic plasticity throughout adulthood in mice, characterised 

by persistent CP for ODP due to high proportions of AMPAR-silent synapses (Huang 

et al., 2015), thus causing excitatory synapses to be unstable, leading to increased 

dendritic spine instability (Yusifov et al., 2021). We wanted to assess whether such 

synaptic instability affects the representational drift of the PO of individual neurons. To 

quantify the drift of individual neuronsô preferred orientation over days, we restricted 

our analyses to two distinct temporal bins: a short-term temporal bin consisting of PO 

changes over a range of 1ï3-day intervals, and a long-term temporal bin consisting of 

PO changes over a range of 4-10-day intervals. We looked at PO changes in these 
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two temporal bins for each of the stimulation conditions, irrespective of their individual 

monocular/binocular identity (Fig. 4A-C, Fig. S7 & S8). All orientation-tuned responses 

of individual neurons occurring more than once over the days of imaging for each of 

the visual stimulation conditions were included. The proportion of singly occurring 

contralateral orientation-selective in WTs was higher compared to KOs over the course 

of all imaging sessions (~62/41% WT/KO; ɢ2=85.86, p=0). The proportions of single 

occurrences of neurons with selective responses to ipsilateral stimulation were similar 

between genotypes (~77/80% WT/KO; ɢ2=0.97, p=0.33). On the other hand, 

compared to KO neurons, a substantially higher proportion of selective WT neurons 

(~76/51% WT/KO; ɢ2=101.89, p=0) did not occur more than once with binocular 

stimulation. With contralateral stimulation, both WT and KO PO from any given day 

were strongly correlated with their respective PO from both the short-term and long-

term temporal durations. Although still significantly correlated, the correlations 

decreased from the short- to long-term temporal bin for both genotypes (Fig. 4A). 

However, the Pearson correlation coefficient was lower in WT neurons vs. KO neurons 

in both the short-term and long-term bins. With ipsilateral stimulation (Fig. 4B), the PO 

correlations were lower but still significant for both temporal groups in both genotypes 

with KO neurons having a higher correlation compared to WT neurons. The long-term 

bin correlations were slightly higher vs. short-term bins for both genotypes. Binocular 

stimulation (Fig. 4C) evoked significant short- and long-term PO correlations as well 

in both genotypes, with both WT and KO neurons having a slightly reduced correlation 

in the long-term vs. short-term interval. PO of WT neurons were again less correlated 

in both the short- vs long-term intervals compared to KO neurons. Using bootstrapped 

resampling, the distribution of correlation coefficients was determined for each of the 

genotypeôs temporal bins for all three stimulation conditions (Fig. 4D-F). With 

contralateral stimulation, the probability density distributions (Fig. 4D) were sharply 

clustered around the mean correlation values for both genotypes in both the short- 

and long-term intervals. However, the PO of KO neurons were more strongly 

correlated compared to WT neurons in the long-term interval. The width of correlation 

distributions with ipsilateral stimulation (Fig. 4E) was much larger with a greater 

standard deviation for both time bins of WT and KO neurons, with no obvious 

differences between them. With binocular stimulation (Fig. 4F), the KO correlation 

distributions were sharper and more correlated compared to the WT neurons for both 

time bins.
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