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ABSTRACT 

Perception requires sensory signals to be framed in their current environment and recent history. 

To incorporate this context, cortical feedback modulates sensory input by attenuating predictable 

background and amplifying unexpected signals. The latter response, known as deviance 

detection, flags relevant information for ongoing perceptual constructions, yet is disrupted in 

neuropsychiatric disorders. Deviance detection appears across many species, including rodents, 

and can serve as a translational tool for investigating sensory context processing in health and 

disease. While rodent studies have mapped molecular, cellular, and circuit-level bases for this 

neural signature, when and how deviance detection arises during development remains unclear.  

Adolescence encompasses the final wave of maturation in prefrontal (i.e., feedback) regions and 

the onset of many neuropsychiatric disorders, representing a plausible period for the 

development of deviance detection. To test this, deviance detection was measured via local field 

potentials in primary visual cortex during unexpected stimuli in peri-adolescent and adult mice. 

Enhanced responses to deviant stimuli (i.e., deviance detection) were observed in adult but not 

peri-adolescent mice, suggesting that deviance detection emerges during the adolescent period 

(Ch. 2). 

Subsequent investigations addressed how deviance detection develops in adolescence across 

three independent substrates: i) microglia, which are thought to prune synapses in development 

(Ch. 2), ii) Kalrn, a cytoskeletal regulator which influences morphology in deviance-detecting 

cells (Ch. 3), and iii) top-down input to V1, which is required for adult deviance detection (Ch. 

4).  

Transient microglial depletion in development did not impact deviance detection, suggesting that 

this response can develop independently of microglia. In contrast, deviance detection was 



abolished in mice containing a Kalrn missense mutation linked to adolescent-onset dendritic 

loss. Finally, reducntions in top-down input to superficial V1 was identified in adolescence. 

Altogether, these data reveal i) the development of deviance detection in adolescence, ii) 

necessary (i.e., Kalrn) and dispensable (i.e., microglia) components of the cortical milieu for the 

development of deviance detection, and iii) likely pruning of top-down input in superficial V1 

during adolescence, which may contribute to emerging deviance detection circuitry. These 

findings underscore the developmental value of deviance detection in translational research and 

invite further exploration of fronto-sensory development. 
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PREFACE 

 

"Never question the truth of what you fail to understand, for the world is filled with wonders." 

         -L. Frank Baum 



1 

1 INTRODUCTION 

“…Certain extra-classical RF effects could be an emergent property of the cortex using an 

efficient hierarchical and predictive strategy for encoding natural images.” 

- Rao and Ballard, Predictive Coding in the Visual Cortex, 1999  

The vast majority of ongoing sensory input bears little relevance to an organism’s needs. 

Distinguishing salient information from these extraneous inputs constitutes an important 

requirement for survival and basic functioning. In the mammalian neocortex, hierarchically 

organized feedforward and feedback connections can efficiently address this imperative through 

predictive internal models that are compared against incoming sensory data (Rao and Ballard 

1999; Friston 2005). Under this “predictive processing” framework, neural circuits readily 

register mismatches between expectations and sensory input through amplified responses (known 

as “prediction errors”), which may be used to appropriately guide behavior and update internal 

models.  

Evidence of this mechanism has been observed in several areas of the brain, including 

primary sensory cortices, where neural responses are amplified when sensory inputs fail to match 

their basic spatiotemporal context (D. C. Javitt et al. 1994; Hamm et al. 2021). This amplified 

response, known as deviance detection, is a consistent feature of early sensory context 

processing and represents a strong candidate for basic “prediction error” responses (Hockley et 

al. 2026; Ghasemi Nejad et al. 2023; Knudstrup et al. 2025).  

While study of deviance detection is merited on the bases of philosophical (i.e., as a model 

for prediction errors) and basic science interests (i.e., as a feature of sensory processing), 

investigation of sensory context processing, including deviance detection, is further warranted on 
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clinical grounds. Alterations in perception, a process thought to rely heavily on contextual 

integration, and sensory processing are observed in several neuropsychiatric disorders, including 

schizophrenia and bipolar disorder (Uhlhaas and Mishara 2007; Løchen et al. 2023; Albright and 

Stoner 2002). One of the primary indices of these alterations – mismatch negativity (MMN) – is 

an event-related potential (ERP) component reflecting the difference in the brain’s responses 

during a deviant versus repetitive stimulus. Deviance detection, in conjunction with stimulus-

specific adaptation, constitute two distinct components of MMN (Ross and Hamm 2020). 

Reduced amplitude of MMN responses constitutes one of the most consistently replicated and 

robust biomarkers for populations with schizophrenia (Tada et al. 2019). Importantly, 

components of MMN can be readily translated between animals and humans through simple 

sensory “oddball” stimuli used to elicit MMN, and multi-scale techniques for recording brain 

activity (i.e., EEG, intracortical electrophysiology, etc.) allow for comparable measures (Rader 

Groves, Gallimore, and Hamm 2024). Thus, deviance detection offers translational utility for 

advancing our mechanistic understanding of sensory/perceptual pathophysiology. 

As detailed in section 1.2, several studies have identified mechanisms in the brain underlying 

deviance detection, producing important answers to the question: how does the brain generate 

deviance detection? However, when and how these mechanisms emerge over development to 

generate deviance detection remains an open question in the field. 

This dissertation addresses this question, with a particular focus on adolescence, and explores 

potential developmental mechanisms relevant to psychiatric disorders. The remainder of this 

chapter serves as a brief overview of relevant literature on sensory context processing in health 

and disease and existing gaps in basic and clinical knowledge. 
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1.1 Measuring deviance detection 

While concepts of predictive processing, active inference, surprise, and sensory memory 

all broadly relate to the brain’s responses to stimuli in context, deviance detection, as used in this 

dissertation, specifically refers to the amplification of brain activity in response to statistical 

irregularities in the spatiotemporal environment. Deviance detection thus must be measured from 

the brain (through intracortical or scalp-level methods), and the increase in signal must be 

relative to a contextually neutral stimulus (to qualify as “amplification”). To constitute deviance 

detection, these signals also must be “in response to” the external environment; therefore, in 

experimental setups, deviance detection should be readily linked to a sensory stimulus (or 

stimuli, e.g., as in multisensory deviance detection (Van Derveer, Ross, and Hamm 2023)). 

Finally, deviance detection does not require attention (i.e., is pre-attentive) and is considered an 

automatic feature of basic sensory processing (Schröger 1997; Y. F. Zhang et al. 2025). 

In line with traditional approaches to studying sensory processing, experimental setups 

tend to employ basic pattern violations (e.g., in pitch frequency, line orientation) as the 

“statistical irregularities” used to elicit deviance detection, which allows tighter control over the 

manipulation and simpler interpretations. Most commonly, subjects are exposed to an “oddball” 

sequence: the repeated presentation of a basic sensory stimulus at regular intervals (the 

“redundant” stimulus), randomly and infrequently interrupted by a “deviant” stimulus for which 

a single stimulus feature (e.g., orientation) is changed. This type of sequence can and has been 

applied across several stimulus features and sensory modalities (Näätänen et al. 2004; Grundei et 

al. 2025; Shiramatsu et al. 2021). Several variations of this standard oddball sequence also exist, 

and can be used to further disentangle the scope and mechanisms of deviance detection 
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(Knudstrup et al. 2025; Aizenbud et al. 2025; Peterka et al. 2026). As noted above, oddball 

sequences are well-suited to cross-species applications and used to elicit MMN in humans.   

Notably, in the natural environment, spatiotemporal statistical irregularities likely occur 

across a broad range of stimuli, though studies of deviance detection during ethologically 

relevant stimuli have been limited (although see (Wetekam et al. 2024) for recent evidence in 

bats).  

Importantly, deviance detection represents a process distinct from stimulus-specific 

adaptation, which instead refers to the reduction in neural responses to a redundant stimulus 

(Ross and Hamm 2020). Although both are encompassed in MMN (which is computed as 

“response to deviant” minus “response to redundant”), these responses must be measured relative 

to a contextually neutral stimulus to dissociate changes in activity due to a contextually likely 

(stimulus-specific adaptation) versus contextually unlikely stimuli (deviance detection). To 

disentangle these responses during an oddball sequence, a “many-standards” control sequence 

can be used (Jacobsen and Schröger 2003). In a many-standards sequence, the stimulus feature 

changed in the oddball sequence (e.g., pitch frequency, line orientation) is consistently varied 

within the feature dimension (e.g., across multiple different frequencies or orientation) to 

generate stimuli that appear at the same likelihood as a deviant stimulus but lacking meaningful 

context about the likelihood of the stimulus feature. Responses to this control sequence can then 

be compared to responses during a redundant or deviant stimulus in the oddball sequence to 

compute stimulus-specific adaptation and deviance detection, respectively. In other words, 

deviance detection is computed as “response to deviant” minus “response to control,” while 

stimulus specific adaptation is computed as “response to redundant” minus “response to control.” 
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1.2 Cortical circuitry underlying context processing 

The mechanisms underpinning deviance detection and stimulus-specific adaptation have 

been characterized across cellular and circuit-level domains and provide critical insight into the 

basic, clinical, and philosophical elements of deviance detection. 

Supragranular neurons have been recognized as integrators of top-down and bottom-up 

feedback, positioning them well to identify mismatch responses (Jordan and Keller 2020). 

Consistent with this idea, deviance detection has been shown to first arise in layer 2/3 pyramidal 

neurons within primary visual cortex (V1) (Gallimore, Ricci, and Hamm 2023; Hamm et al. 

2021). In contrast, stimulus-specific adaptation responses have been observed in layer 4 and may 

emerge subcortically (Gallimore, Ricci, and Hamm 2023; Malmierca and Auksztulewicz 2021). 

While V1 “deviance detectors” are typically found among these supragranular pyramidal 

cells (Hamm et al. 2021), interneuron populations make up an important part of deviance 

detection circuitry. A recent study from our lab (Bastos et al. 2023) demonstrated that 

somatostatin-positive (SST+) interneurons exhibit diminished responses to redundant stimuli 

(i.e., stimulus-specific adaptation) but no deviance detection. Interestingly, vasoactive-intestinal 

peptide (VIP+) interneurons similarly do not exhibit deviance detection but exhibit a “reverse” 

stimulus-specific adaptation response (i.e., show higher activity to a redundant stimulus relative 

to the neutral stimulus). Importantly, inhibiting either of these interneuron types leads to 

reductions in V1 deviance detection (Hamm and Yuste 2016; Bastos et al. 2023; Furutachi et al. 

2024). 

Evidence from auditory context processing responses paint a similar contextual response 

profile for parvalbumin-positive (PV+) interneurons as SST+ interneurons; however, PV+ 
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interneurons appear to influence context-specific responses in pyramidal neurons through non-

context-specific modulation, unsurprisingly favoring broadband inhibition (Chen, Helmchen, and 

Lütcke 2015; Natan et al. 2015) (although see (Masri et al. 2021) for a potential role for PV+ 

neurons in other forms of context processing). Mismatch response profiles for other interneuron 

types in this circuit, including neurogliaform and cholecystokinin-expressing interneurons, 

remain unknown. 

Top-down feedback plays a role in many forms of sensory context processing, and higher-

order cortical projections are required for deviance detection (Norman et al. 2021; Hamm et al. 

2021; Hockley, Bohórquez, and Malmierca 2025; Peterka et al. 2026). While these feedback 

projections are often theorized to send predictive information to lower cortical areas, whether 

these projections are sending true “predictions” remains an open question. In contrast to this 

idea, top-down axonal feedback (i.e. anterior cingulate area (ACa) projections) in V1 does not 

show context-specific activity (Hamm et al. 2021). However, response variability in these inputs 

appears to increase during predictable sequences, and modulation of V1 response amplitude by 

ACa axonal oscillation phase specifically increases during highly predictable stimuli in the 

oddball sequence (Bastos et al. 2023). Moreover, in this paper and a separate study, predictable 

stimulus identity could be decoded from ACa axon activity (Fiser et al. 2016; Bastos et al. 2023). 

These findings suggest that, while average feedback responses may not vary with context, some 

ACa axons convey predictive (or at least context-specific) information to V1. 

Thalamic input from higher-order visual thalamus (the pulvinar nucleus analogue in mice) 

has also been identified as necessary for context processing and shown to convey mismatch 

signals in V1, although this evidence comes from more complex experimental conditions 
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involving visuomotor responses and reward, both of which may influence circuit activity (Roth 

et al. 2016; Furutachi et al. 2024). 

Neuronal oscillations, which are often considered "orchestrators” of neural activity, offer a 

non-invasive measure of circuit function that enhances the value of cross-species translation in 

oddball sequence studies (van Bree et al. 2025). In humans, electroencephalography (EEG) and 

magneto-encephalography (MEG) measures report a prominent role for theta oscillations during 

the oddball sequence (Hsiao et al. 2009; Fuentemilla et al. 2008). Similarly, increased theta-band 

responses have been observed during deviance detection in mice, specifically in layer 2/3 

(Gallimore, Ricci, and Hamm 2023; Sennesh et al. 2025). Moreover, interregional synchrony 

between frontal and sensory regions has been described during visual context processing in both 

humans and rodents (MacLean and Ward 2014; Bastos et al. 2023). In mice, ACa and V1 exhibit 

theta/alpha (≈10 Hz) phase-locking during visual stimuli. This low frequency coherence appears 

strongest in layer 1, the site of top-down feedback, and is likely driven by the phase of theta 

oscillations in ACa (Bastos et al. 2023). While this synchrony is not altered by context, the 

strength of coupling between ACa theta/alpha phase with V1 gamma amplitude is strongest 

during redundant contexts, supporting a context-specific modulatory role for ACa. 

Figure 1 (from Bastos et al. 2023) depicts a partial summary of cellular and circuit-level 

mechanisms described here. Overall, current evidence indicates that appropriate context 

processing responses in V1 rely on the interactions of local excitatory and inhibitory neurons, 

particularly in supragranular layers, along with integration of long-range feedback, and exhibit 

oscillatory signatures which may help coordinate circuit activity. 
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Figure 1: Proposed model for V1 cortical circuitry underlying deviance detection, from 

Bastos et al. (2023). A-B) Schematic of a simplified V1 circuit during A) contextually neutral 

(e.g., many-standards control) and B) context-specific (e.g., oddball sequence) inputs. C) 

Cell/projection-type specific responses during the oddball sequence based on empirical data. 

Dotted lines indicate average response during contextually neural inputs, and asterisks indicate 

significant effects observed in Bastos et al. 2023. 

1.3 Context processing in psychiatric disorders 

One of the chief advantages of studying deviance detection lies in its translational value. 

Impaired MMN constitutes one of the most highly replicable biomarkers in schizophrenia 

(Mazer et al. 2024; Tada et al. 2019). As noted above, MMN reflects two distinct components: 

enhanced response to deviant stimuli (i.e., a scalp-level analogue of deviance detection) and 

reduced response to redundant stimuli (i.e., a scalp-level analogue of stimulus-specific 

adaptation). Importantly, when these components have been dissociated in individuals with 

schizophrenia, responses to deviant – but not redundant – stimuli have been shown to drive 

MMN impairments (Koshiyama et al. 2020; Coffman et al. 2017). While deviance detection as 

defined here (i.e., specifically neural) cannot be directly measured through scalp-level recordings 

(e.g., EEG, MEG) in humans, this evidence suggests that MMN reductions in schizophrenia may 

directly reflect reduced deviance detection.  
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Patterns of MMN disruption in schizophrenia suggest that aberrant context processing 

coincides with or precedes the onset of schizophrenia. Specifically, studies of individuals at risk 

for or first experiencing psychosis reveal early reductions in MMN (Perez et al. 2014; Bodatsch 

et al. 2011; Shaik et al. 2021; Hamilton et al. 2022; Erickson, Ruffle, and Gold 2016). Moreover, 

this effect is stronger among those at high risk who go on to develop psychosis (Erickson, Ruffle, 

and Gold 2016). While some studies have questioned the effect size of these findings (i.e., these 

effects may not be strong enough to predict schizophrenia), the relationship observed remains 

relevant to understanding MMN in the developmental time course of the disorder (Todd, 

Salisbury, and Michie 2023). These findings suggest that disrupted MMN and/or its underlying 

mechanisms likely arise upstream of disease onset and highlight a role for altered context 

processing in schizophrenia pathophysiology beyond simple association. 

Indeed, MMN responses are posited to directly index pathophysiological mechanisms in 

schizophrenia. The most direct evidence for this comes from the shared putative role of NMDA 

receptors (NMDARs) in schizophrenia and MMN. The glutamate hypothesis stands as a leading 

explanation of schizophrenia pathophysiology (Coyle 1996; D. C. Javitt 2004). This hypothesis 

proposes that NMDAR hypofunction underlies “positive,” “negative,” and cognitive symptoms 

of schizophrenia and has been supported by functional (e.g., NMDAR antagonism leads to 

psychotic symptoms), structural (e.g., NMDAR antagonism leads to schizophrenia-like 

reductions in dendritic complexity), and genetic (e.g., disease risk is strongly conferred by 

NMDAR subunit mutations) observations (Kruse and Bustillo 2022; Singh et al. 2022).  

NMDARs are also a well-known component of MMN. For many years, blocking NMDAR 

function has been known to reduce MMN signals (i.e., the difference between responses to 

deviant vs redundant stimuli) in mice, non-human primates, and humans (D. C. Javitt et al. 1996; 
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Pang and Fowler 1999; Ehrlichman et al. 2008; Chen, Helmchen, and Lütcke 2015). This 

mechanism strongly aligns with the predictive coding framework, through which NMDARs are 

thought to facilitate context-specific responses via spike-timing-dependent plasticity, perhaps as 

molecular “coincidence detectors” (Wacongne, Changeux, and Dehaene 2012; Strelnikov 2007).  

Initial studies of global NMDAR antagonism in primates evince a clear reduction in 

responses to the deviant but not redundant stimulus (D. C. Javitt et al. 1996). In rodent studies of 

MMN during NMDAR hypofunction, the deviant response appears most affected by the 

manipulation, although comparisons to a contextually neutral stimulus are not often made 

(Tikhonravov et al. 2008; Featherstone et al. 2015; Farley et al. 2010; Sivarao et al. 2014). It 

should be noted, however, that sparse – and to some extent, mixed – direct evidence exists for 

NMDAR dependence specifically in rodent deviance detection (L. Harms et al. 2018; Chen, 

Helmchen, and Lütcke 2015; Parras et al. 2020; Gallimore 2025). Although further 

investigations would be valuable to clarify the role of NMDA receptors specific to V1 deviance 

detection (i.e., responses to deviant relative to contextually neutral stimuli), the prevailing view 

remains that sensory responses to deviant stimuli serve as an index of NMDAR hypofunction. 

Schizophrenia and MMN may share other mechanisms as well. Pyramidal neurons in layer 

2/3 of cortex (section 1.2) – where deviance detection first appears – exhibit alterations in 

schizophrenia, including reduced dendritic arborization and synaptic density (Kolluri et al. 2005; 

Mavroudis et al. 2021; Hill, Hashimoto, and Lewis 2006). These morphological alterations are 

thought to underlie the cortical thinning observed in schizophrenia (Narr et al. 2005; Kuperberg 

et al. 2003). Interestingly, MMN responses correlate with cortical thinning in vivo in individuals 

with schizophrenia (Rasser et al. 2011; Salisbury et al. 2007; Curtis, Coffman, and Salisbury 

2021). 
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Additionally, GABAergic cells, including SST+ and VIP+ interneurons, are affected in 

postmortem samples from individuals with schizophrenia (e.g., reduced mRNA) (Hashimoto et 

al. 2008; Fung et al. 2010; Van Derveer et al. 2021). As noted in section 1.2, suppression of these 

cell types reduces deviance detection, indicating that altered SST+ or VIP+ interneuron function 

could feasibly influence schizophrenia phenotypes via altered deviance detection. The generation 

of typical theta-band oscillations is impaired in schizophrenia, and oscillations in this frequency 

band are thought to rely on SST+ interneurons (Lee et al. 2017). This altered theta activity 

appears sensitive to NMDAR manipulation directly (Lee et al. 2018), leading to proposed 

models of impaired MMN relating NMDAR hypofunction and cortical interneuron (e.g., SST+ 

interneuron) deficits (Javitt et al. 2018).  

While these lines of evidence are largely associative, they may be useful for building new 

hypotheses and models of deviance detection circuits in schizophrenia. Altogether, the current 

state of evidence suggests that MMN, and by extension, deviance detection, offers a valuable 

translational tool for indexing pathophysiology in psychiatric disorders. 

1.4 Adolescence as a period of maturation and vulnerability 

Neuropsychiatric symptoms often emerge in late adolescence or early adulthood, 

indicating that pathophysiological mechanisms are underway during adolescence (Sham, 

MacLean, and Kendler 1994). This period represents an epoch of elevated vulnerability during 

which environmental risk factors, such as cannabis use and psychosocial stress, are thought to 

interact with existing susceptibility (including increased risk from the prenatal period) to 

generate disease onset (Patel et al. 2021). 
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Given the significance of this period to the onset of schizophrenia, we must ask: what 

biological processes make adolescence uniquely vulnerable to such pathological risk? 

As the last major period of brain development, adolescence houses a wide range of 

structural and functional “updates” to the maturing neocortex, including gray matter loss, 

decreases in synaptic density, and increases in myelination (Paus, Keshavan, and Giedd 2008). 

Among these changes, several bear relevance to known schizophrenia pathology. For example, 

prefrontal cortical regions, known to be dysfunctional in schizophrenia, display protracted 

development into adolescence (B.-F. Cheng, Liang, and Wu 2025). Interneuron development 

continues into adolescence, and expression of NMDAR subunits continues to shift through the 

adolescent period (Fung et al. 2010; Pegasiou et al. 2020; Harris et al. 2009; Pian et al. 2010). 

Additionally, synaptic pruning and myelination both directly impact circuit function, and 

synaptic pruning has been a particular focus of schizophrenia research in recent years (Howes 

and Onwordi 2023). Specifically, microglial pruning of synapses has been put forth as a potential 

mechanism for putative “over pruning” in schizophrenia. To this end, current evidence suggests 

that microglia are necessary in adolescence for the development of typical adult synaptic density, 

neuronal morphology, and oscillatory activity (Schalbetter et al. 2022; Pöpplau et al. 2024).    

Importantly, each of these vulnerable processes may also affect visual deviance detection 

(see Fig. 1). In studies measuring MMN in humans across development, the topography, latency, 

and amplitude of MMN responses have been shown to mature through adolescence (Cooray et 

al. 2016; Corcoran et al. 2018; Schwade et al. 2026; Bishop, Hardiman, and Barry 2011; Laurens 

et al. 2020). However, the local emergence of deviance detection within V1 (rather than 

brainwide) and the analogous development in rodents, remains unknown, limiting translational 
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advancements in characterizing early disease pathophysiology and the prodromal period. 

Moreover, a developmental understanding of deviance detection may further elucidate basic 

principles of higher-level sensory processing and inform the ongoing refinement of predictive 

processing frameworks.  

The dissertation presented herein aims to address this critical gap in sensory processing 

and translational psychiatry. The next chapter (Chapter 2) directly investigates a role for 

adolescence in the development of sensory context processing and explores how microglia may 

influence this process. Chapter 3 tests the effect of a genetic mutation known to produce 

adolescent-onset dendritic reductions on oddball responses, elucidating a relationship between 

genetic/developmental interactions and deviance detection. Finally, Chapter 4 examines the 

adolescent development of prefrontal projections to primary sensory cortex, a key source of 

feedback required for deviance detection (see Fig. 1). The final chapter concludes by situating 

the current findings in the context of the larger field and discussing future directions. 
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2 MISMATCH NEGATIVITY MATURES IN ADOLESCENCE AND WITHOUT 

SENSITIVITIY TO MICROGLIAL DEPLETION 

2.1 Introduction 

Schizophrenia pathology follows a neurodevelopmental arc, and symptoms typically 

onset in late adolescence and early adulthood (Sohal 2024). An understanding of brain functions 

that both i) are altered in the disorder and ii) mature during adolescence could provide key 

pathophysiological insights. One key function altered in schizophrenia is sensory processing and 

integration (Javitt 2009; Javitt and Freedman 2015). The electrophysiological marker known as 

mismatch negativity (MMN) indexes these functions and is reliably deficient in schizophrenia in 

both visual and auditory domains (Farkas et al. 2015; Erickson, Ruffle, and Gold 2016; Mazer et 

al. 2024). MMN is most often measured during a sensory “oddball” sequence, wherein a series of 

repeated images is presented and occasionally interrupted by a different, “deviant” image; the 

difference in responses to repeated versus deviant stimuli constitutes MMN (Lakatos et al. 2020; 

Hamm and Yuste 2016; López-Caballero et al. 2024). Thus, MMN reflects how sensory cortex 

processes inputs in context and is thereby considered an index of integrative, sensory-cognitive 

function (Naatanen, Kujala, and Light 2019). Consistent with this interpretation, MMN involves 

both sensory and frontal cortices, drivers of feedforward and feedback activity, respectively 

(Ranlund et al. 2016; Lui et al. 2021). While MMN deficits are well-established in 

schizophrenia, and MMN function relies on regions that develop in adolescence (i.e., frontal 

cortex (Arain et al. 2013)), whether MMN develops during adolescence remains unclear 

(Corcoran et al. 2018; Cooray et al. 2016; Eggermont 2023).  

One factor contributing to this lack of clarity arises from the way in which MMN is 

commonly computed. Typically, researchers subtract EEG responses to deviant (“oddball”) from 
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responses to redundant (“standard”) stimuli, which standardizes the measure but conflates two 

processes: stimulus-specific adaptation (reduced responses to repetition) and genuine deviance 

detection (enhanced responses to unexpected events) (Lauren Harms, Michie, and Näätänen 

2016). Stimulus-specific adaptation is present even in precortical processing stages, whereas 

deviance detection arises in primary sensory cortex and requires both feedback from higher areas 

and cortical interneuron populations (Carbajal and Malmierca 2018; Hamm et al. 2021; Lakatos 

et al. 2020; Hockley, Bohórquez, and Malmierca 2025; Gallimore, Ricci, and Hamm 2023). 

Importantly, when human studies have included the probability-matched control (i.e., many-

standards) sequences to separate these components, it has been clear that deviance detection—

not adaptation—is the MMN component reduced in schizophrenia (Haigh et al. 2017; 

Koshiyama et al. 2020). 

Given the protracted development of regions like prefrontal cortex over adolescence 

(Arain et al. 2013) and the role of fronto-sensory feedback in deviance detection (Ranlund et al. 

2016; Jaquerod et al. 2024; Tse et al. 2021; Bastos et al. 2023; Hockley, Bohórquez, and 

Malmierca 2025), we hypothesize that visual cortical deviance detection matures in this time 

period, despite the common precept that primary visual cortex (V1) finishes developing prior to 

adolescence (Espinosa and Stryker 2012; Shen and Colonnese 2016). If confirmed, deviance 

detection could represent a precise measure of the developmental pathophysiology of 

schizophrenia and pave the way for the development of precision interventions in the prodromal 

phase. 

Microglia – the brain’s immune cells – have come into focus in schizophrenia research, 

as imaging (Di Biase et al. 2017), postmortem (Jenkins, Lewis, and Volk 2023), and genetic 

studies (Sekar et al. 2016) point to aberrant activation and microglia-neuron interactions. The 
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field nevertheless lacks consensus on whether and how microglia contribute to schizophrenia 

pathology (Gangadin et al. 2024). Several mechanisms have been proposed, including synaptic 

over-pruning in development and overactive inflammatory responses (Rabinovitch et al. 2023; 

Howes and Onwordi 2023; Hartmann et al. 2024). Yet even in the absence of pathology, the role 

of microglia in developmental synaptic pruning and circuit development in the cortex remains 

unresolved (Hume 2025), restricting advancement in this branch of schizophrenia research. 

Although microglia have been positioned as architects of developing neural circuits (Salter and 

Stevens 2017), recent studies demonstrating limited impacts of removing microglia during 

development, specifically in cortex, have challenged the blanket application of this role across 

regions, ages, and functions (Brown et al. 2024; Hume 2025). These discrepant results call for a 

more careful approach to assessing how microglia impact the development of specific circuit 

elements. In particular, whether microglia are necessary for the maturation of higher-order 

sensory processing and translational biomarkers such as MMN remains an important question.  

Here we examined i) whether distinct components of the schizophrenia biomarker MMN 

develop in adolescence and ii) the extent to which microglial cells contribute. We focused on the 

visual domain because visual perception and physiology are altered early in schizophrenia (Javitt 

2009; Javitt and Freedman 2015; Silverstein et al. 2021) and visual mismatch responses are 

reduced in schizophrenia (Urban et al. 2008; Mazer et al. 2024). Moreover, recent work 

characterizing the role of microglia in visual development presents a gap in understanding the 

role of microglia later in visual development (Brown et al. 2024). We showed that visual 

deviance detection develops in adolescence in mice, along with functional connectivity between 

visual and prefrontal cortical areas. Stimulus-specific adaptation, on the other hand, was present 

prior to adolescence. We further observed that reversibly depleting microglia in mid-adolescence 
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(postnatal day (P)42-50) and, to a lesser extent peri-adolescence, (P28-36), but not in adulthood 

(P84-92), altered oscillatory power in prefrontal region ACa as measured in adulthood, aligning 

with past work and showing that microglia are needed for certain aspects of prefrontal circuit 

development. However, microglia depletion did not impact fronto-visual connectivity or, 

importantly, deviance detection. Together, these data suggest that microglia may play a limited 

role in governing cortical development in adolescence – particularly with regard to the 

schizophrenia electrophysiological biomarker MMN.  

2.2 Materials and Methods 

2.2.1 Animals 

All experimental procedures were carried out under the guidance and supervision of the 

Georgia State University (GSU) Division of Animal Resources or the Nathan S. Kline Institute 

for Psychiatric Research (NKI) Division of Laboratory Animal Resources and in accordance 

with the approved Institutional Animal Care and Use Committee (IACUC) protocols at GSU and 

NKI. Male and female mice of C57BL/6 origin were used for all experiments. All adult mice 

(Figs. 1-4) were aged P112-125 and were of the CX3CR1-GFP strain. Juvenile mice (P28-31) 

were C57BL/6 wildtype mice, and the P56 mice were GCaMP6- reporter mice. Cages were kept 

in a 12-hour light/dark cycle with one to five littermates of the same sex and depletion group (as 

applicable). 

2.2.2 Microglia Depletion via PLX5622  

PLX5622 (Cayman Chemical), a colony stimulating factor-1 receptor (CSF-1R) inhibitor 

known to reversibly deplete microglia brainwide, was administered via chow during discrete 

time periods. All adult animals received eight days of non-standard chow during three time 

periods in development: peri-adolescence (P28-36), adolescence (P42-50), and adulthood (P84-
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92). Cages were randomly assigned to a depletion group and animals received chow with 

PLX5622 (AIN-76A Rodent Diet with 1200 ppm PLX5622, D19101002, Research Diets) during 

the corresponding epoch. During the other two epochs, animals received a pseudo-standard chow 

(i.e., control diet) matching the composition to the PLX5622 chow but lacking PLX5622 itself 

(AIN-76A Rodent Diet, D10001, Research Diets). For example, a cage of animals assigned to 

adolescence depletion received the pseudo-standard chow from P28-36, the PLX5622 chow from 

P42-50, and the pseudo-standard chow from P84-92, with standard chow (Laboratory Rodent 

Diet, 5001, LabDiet) provided at all other times. Control animals received the pseudo-standard 

chow across all three periods.  

2.2.3 Immunohistochemistry  

 Control mice (n=7) and adolescent depletion mice (n=8) were transcardially 

perfused with phosphate-buffered saline (PBS) between P112 and P125. Brains were extracted 

and placed in 4% paraformaldehyde overnight, then immersed in 30% sucrose for 

cryoprotection. Twenty-five µm coronal sections were washed (3x) in PBS, incubated in 0.09% 

hydrogen peroxide, and washed (3x) in PBS again before moving to blocking buffer (5% normal 

donkey serum and 0.2% bovine serum albumin in 0.1% PBS-TritonX). Tissue was incubated in 

two primary antibodies overnight at room temperature: VGLUT1 anti guinea pig (1:10000; 

Millipore AB5905) and PSD-95 anti rabbit (1:1000; Invitrogen 51-6900). After washing in 0.1% 

PBS-TritonX (0.1%), tissue was incubated in donkey anti guinea pig Alexa-647 (1:500; Jackson 

Immuno 706-605-148) and donkey anti rabbit Alexa-568 (1:500; Invitrogen A10042) for three 

hours. Tissue was washed again (3x) in 0.1% PBS-TritonX and mounted to SuperFrost-Plus 

slides using VECTASHIELD Antifade Mounting Medium with DAPI (Vector laboratories, H-
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1200). All animals used for immunohistochemistry experiments underwent electrode placement 

surgery prior to perfusion. 

2.2.4 Confocal Imaging and Analysis 

 Images were acquired with a Zeiss LSM 980 confocal microscope under a 63x 

objective and 1.8x digital zoom in a z-stack (5 optical sections, 0.33 step size). Acquisition 

included 405nm, 488 nm, 594 nm, 639 nm laser lines to image cell bodies/nuclei (DAPI), 

microglia (genetically encoded CX3CR1-GFP), PSD-95 (Alexa-568), and VGLUT1 (Alexa-

647), respectively. 3D images were imported into Imaris 10.2.0 (Oxford Instruments) and the 

Spots function used to identify puncta in red (PSD-95) and far-red (VGLUT1) channels. 

Thresholds were manually set for each animal and batch processed across ROIs, then adjusted 

for quality. Spots were co-localized using Imaris’s MATLAB co-localization function (threshold 

= 0.5).                               

2.2.5 Surgery and Training 

Electrode implantation and headplate fixation were carried out as previously described 

(Bastos et al. 2023). In brief, following anesthesia, a titanium headplate was secured to the skull, 

then sterile bipolar electrodes (twisted together in pairs; Plastics One, Roanoke, VA, USA) were 

dipped in DiI and implanted in stereotaxically defined V1 and ACa unilaterally (left 

hemisphere). The second set of twisted contacts were grounded to the contralateral skull.  

After surgery, mice received three days of head fixation training on a manual treadmill to 

improve comfortability and reduce stress, increasing in duration up to 45-60 minutes. During 

training, mice were exposed to the many-standards visual sequence described below. After 

recording, brains were extracted and post-fixed overnight in 4% paraformaldehyde for post hoc 
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electrode placement confirmation using DiI. All electrode placements were confirmed by two 

independent scorers under widefield (1.25x) magnification, referencing the Allen Brain Atlas. 

2.2.6 Visual Stimuli 

Visual stimuli used were previously described (Bastos et al. 2023). In short, mice were 

head-fixed on a freely moving manual treadmill, and full-field square-wave gratings (100% 

contrast, drifting at 2 cycles per second for 500ms each; MATLAB Psychophysics Toolbox 

(Borgo et al. 2025)) were displayed in front of the right eye. Two types of visual sequences were 

presented. In the many-standards sequence, gratings were randomly presented at eight 

orientations (0, 22.5, 45, 67.5, 90, 112.5, 135, or 155.5 degrees), each with equal likelihood of 

presentation. The oddball sequence comprises two orientations separated by 90 degrees. In the 

first half of the sequence, orientation A is selected as redundant (87.5% probability) and 

orientation B is selected as deviant (12.5% probability). In the second half, the orientations are 

“flip-flopped” such that orientation A becomes deviant and orientation B becomes redundant. 

We presented all mice with 4 runs: 2 oddball (4 deviant orientations total) and 2 many standards. 

The oddball A/B pairs could be 0/90, 30/120, or 45/135.  Sequences include 250 - 350 trials 

lasting 1.025 seconds in duration (500ms of drifting gratings with a 500-550ms blank gray 

screen in the interstimulus interval), totaling ≈4.5 minutes per sequence.  

2.2.7 Electrophysiology 

During the presentation of visual stimuli, local field potentials (LFPs) were recorded via 

bipolar electrodes implanted in V1 and ACa. The electrodes were connected via insulated cables 

to a differential amplifier (high-pass: 0 Hz, low-pass: 500 Hz, gain: 1K, Warner instruments, DP-

304A, Holliston, MA, USA). Electrical signals were then passed through a Digitmer D400, a 

60Hz noise cancellation machine (Mains Noise Eliminator, Letchworth Garden City, UK) to 
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adaptively remove line noise at 60Hz, avoiding waveform distortions that result from bandpass 

filters. Juvenile animals were ages P28-31 and adult animals were P112-125 at the time of 

recording. Locomotion was recorded via a photodarlington sensor attached to the treadmill 

(1kHz sampling) or by video as previously described (Bastos et al. 2023; Gallimore, Ricci, and 

Hamm 2023) (60 frames per second, Logitech C920 HD Pro webcam, resampled to a binary 

locomotion trace). Juvenile, adult, and all depletion groups did not differ in the amount of time 

spent locomoting (Supplemental Fig. 1). As this was typically ≈1% to 15% of the recording time, 

we excluded these data from all analyses and focused on time periods/trials without locomotion. 

2.2.8 Analysis 

LFP data were manually inspected, and trials or segments (for resting state) with 

excessive signal (>≈5 standard deviations) in either V1 and ACa were excluded (between 0 and 

50 across runs). All analyses focused on trials and segments where the mouse was not 

locomoting in the present or previous trial segment or trial. All trial numbers were matched 

between the number of retained trials in the comparison condition (deviant or redundant) and 

many standards run. For the deviant conditions, this was an average of 15 trials (between 11 and 

21 across mice) for each orientation. For redundants, this was an average of 44 (between 30 and 

50). Thus, we used separate control averages for the main deviance detection analysis (Fig. 

2K,M) and for stimulus-specific adaptation analyses (Supplemental Fig. 2).  For Fig. 2I-O, we 

focused only on the 45/135 degree oddball runs, as these were recorded in all mice. For all other 

analyses and groups, we included both runs (which could have been 0/90 or 30/120deg). For 

quantifying the response to the many standards control (neutral context), we additionally 

excluded trials where the orientation on the previous trial (≈500ms prior) was the same 

orientation or within 22.5 degrees of the current trial. This was done to control for short term 
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adaptation effects that would affect the response to the contextually neutral stimuli and lead to 

overestimates of deviance detection. 

Once trials were selected, ongoing data were converted to the time-frequency domain 

with a modified morelet wavelet approach with 100 evenly spaced wavelets from 2- to 100-Hz, 

linearly increasing in length from 0.5 to 20 cycles per wavelet, applied every 10ms from 300ms 

pre- to 700ms post stimulus onset (200ms post-stimulus offset) as previously described (Bastos 

et al. 2023). Stimulus-induced power spectra (1-100 Hz) were computed for all three conditions 

(neutral, redundant, deviant) for each mouse and baseline-corrected by converting to decibels 

relative to  the 100ms prior to stimulus onset, using EEGLAB (Delorme and Makeig 2004). 

Interregional phase synchrony was quantified by taking the phase difference for each 

frequency (2-100 Hz) between ACa and V1 for all measurements from 100ms pre- to 100ms 

post-stimulus offset and calculating the 1-circ variance (R-statistic) of these lags. We averaged 

these values across all available trials and conditions (as oddball and many standards runs did not 

vary systematically). For comparisons, we took the maximum coherence value from 2 to 55 Hz 

for each mouse. For the microglia depletion studies, there were six mice (evenly spread over 

groups) whose coherence spectra exceeded six standard deviations from their group means, 

suggesting artifactual coupling. They were removed from analyses, although this did not impact 

statistical conclusions.  

To analyze resting power, data recorded prior to visual stimulation for each run was 

segmented in 1000ms locomotion-free, artifact-free epochs. Twenty epochs was the minimum 

available segments across mice, so this was used for all comparisons to standardize signal/noise 

ratio. Segments were median normalized and converted to power spectra by taking squared 
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absolute value of the output of the fast Fourier transform of each segment, converted to log scale, 

and averaged over trials to yield a single spectrum for each mouse and region. 

2.2.9 Statistics 

For immunohistochemistry experiments, a factorial ANOVA was conducted on the 

average co-localization density values by animal (i.e., 6 ROIs averaged per mouse) with SEX 

and GROUP as between subject variables. As a secondary statistical measure that strengthens 

statistical power by allowing for hierarchical data structures (e.g., multiple ROIs per mouse), 

generalized linear models with cluster bootstrapping (5000 clustered resamples) and permutation 

testing were used to account for within-mouse variability (with mouse as a random effects 

variable) without requiring prior assumptions about data structure using the ClusterBootstrap 

package in R 4.5.1 (Deen and de Rooij 2020). Cluster-bootstrapped p values reported indicate 

the proportion of bootstrapped values as extreme as the observed statistic.  

For analyses focused on only V1 data (resting power and deviance detection) or ACa data 

(resting power), recordings from mice with histology-confirmed targeting for the respective 

region were used. Only recordings from mice with both histology-confirmed V1 and ACa 

targeting were used for coherence analyses. For the juvenile vs adult comparisons (Fig. 2), these 

numbers were the same for all analyses: n=7 (4 male) for juvenile; n=6 (3 male) for adult. For 

the microglial depletion experiments, these numbers varied, but exceeded 8 per group in all 

instances.  

For resting power analyses, we focused on traditional frequency bands: 1-2Hz for delta; 

3-9Hz for theta; 9-12Hz for alpha; 13-25Hz for beta; 25-55Hz for low gamma; 65-100Hz for 

high gamma. For power and coherence comparisons, we carried out factorial ANOVAs for each 
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frequency band, using SEX and GROUP as between subjects variables. For deviance detection 

and stimulus-specific adaptation analyses, we carried out mixed ANOVAs with CONTEXT as 

within subjects variables (neutral vs deviant; neutral vs redundant) and SEX and GROUP as 

between subjects variables. 

2.3 Results 

 

Figure 2: Frontal cortical circuitry and visual context processing develop in 

adolescence. A) Mice viewed full-field visual grating stimuli while local field potentials were 

recorded in ACa and V1. B) Visual stimuli were presented in many-standards (top) and oddball 

(bottom) sequences to isolate contextual influences on visual processing, including deviance 

detection. C-D) Example histological verification of V1 and ACa electrode placement in (C) 

juvenile and (D) adult mice. E) Resting power spectra and F) bar plots reflecting theta-peak 

power (6-8Hz) across male (blue) and female (red) mice. G-H) Same as E-F for ACa delta and 

beta/gamma power (averaged from 25-100Hz). I) ACa-V1 phase-synchrony spectra (phase lag 

coherence, R) during visual stimulation, averaged across neutral and oddball paradigms. J) 

Peak coherence values for each mouse (blue and red indicate male and female mice, 

respectively). K) Stimulus-induced power (baseline adjusted as decibels) from V1 in juveniles to 

the same stimulus orientations (45 or 135 degree) averaged across trials when it was 
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contextually neutral (left) versus contextually deviant (right). L) Averaged power from (K) for 

the delta/theta range (2-12Hz). M-N) Same as K-L in adult mice.  O) Deviant minus neutral 

stimulus induced power from L, N, averaged from 100-400ms post stimulus for each mouse. 

*p<.05, **p<.01, two-tailed t-test. 

 

2.3.1 Deviance detection and fronto-visual functional connectivity develop over adolescence.  

To study how fronto-visual circuits and components of visual MMN develop over 

adolescence, we carried out in vivo electrophysiology in awake mice via chronic bipolar 

electrodes implanted in V1 and anterior cingulate area (ACa; Fig. 2A) – a mouse medial 

prefrontal region in the mouse that sends dense feedback connections to V1 that are necessary 

for visual MMN (Bastos et al. 2023; Hamm et al. 2021; S. Zhang et al. 2014). Mice were 

headfixed on a treadmill and presented with full-field oriented grating stimuli appearing in two 

separate ≈5-minute sequences. The oddball sequence consists of two parts, wherein one 

orientation (e.g., 45 or 135 degrees) was presented repeatedly at 0.875 probability (the 

“redundant”), with rare orthogonally oriented “deviant” stimuli (e.g., 135 or 45 degrees, 

respectively) presented at 0.125 probability, then the sequence is “flipped”, so that the prior 

redundant became the deviant, and vice versa. The many standards run comprises stimuli of eight 

orientations (0, 22.5, 45, 67.5, 90, 112.5, 135, or 155.5 degrees) presented in a random order, 

such that all orientations appeared at 0.125 probability. Thus, each orientation was presented in a 

context where it was a) redundant, b) deviant, or c) neither redundant nor contextually deviant 

(Fig. 2B and Supplemental Fig. 2). Our main analyses focused on deviance detection, which is 

captured by comparing the brain responses to context (b) versus (c). 

To assess changes during adolescence, we recorded local field potentials from mice about 

to begin adolescence (or juvenile mice, P28-31; n=7, 4 male) and in adulthood (P112-125; n=6, 3 

male). At ≈P28, mouse V1 exhibits adult levels of basic feature selectivity (e.g. orientation, 
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spatial frequency (Tan, Ringach, and Trachtenberg 2022)), yet mice are just beginning – or have 

not begun – puberty (Hoffmann 2018). Electrode locations were confirmed with post-hoc 

histology (Fig. 2C,D). First, we analyzed resting oscillatory power in V1 and ACa, i.e., in the 

≈20 seconds prior to the start of visual stimulus presentation, during periods without locomotion. 

Between the start of adolescence and adulthood, resting power in ACa decreased in the delta 

range (Fig. 2G,H; 1-2Hz; F(1,9)=17.31, p=0.002) and increased in the beta (13-25Hz; 

F(1,9)=9.13, p=0.014), low gamma (25-55Hz; F(1,9)=12.95, p=0.006), and high gamma range 

(65-100 Hz; F(1,9)=19.19, p=0.002), consistent with past work (Pöpplau et al. 2024). 

Interestingly, peak theta power (6-8Hz) in V1 nominally appeared to increase over adolescence 

(Fig. 2E), but this only reached trend-level statistical significance and was not robust over mice 

(Fig. 2F, F(1,9)=4.07, p=0.07).  

 During visual stimulation in adults, ACa and V1 exhibit phase coherence largely in the 

3-12 Hz range that reflects bidirectional synchrony between these regions and, importantly, 

ACa’s role in supporting context processing and deviance detection in V1 (Bastos et al. 2023). 

Here we find that this phase synchrony between ACa and V1 increased over adolescence (Fig. 

2I-J, F(1,9)=5.90, p=0.038). We also found that V1 deviance detection developed over this 

period (Fig. 2K-O). In adults, deviance detection was most prominent in the delta-theta band (2-

12Hz; 100-400ms; t(6)=4.12, p=0.009); Fig. 2M-O), as previously reported across species 

(Bastos et al. 2023; Hamm and Yuste 2016; Javitt et al. 2018; Gallimore, Ricci, and Hamm 

2023), and this effect was absent in adolescent mice (t(7)=-1.18, p=0.28; age by context 

interaction; F(1,9)=15.05, p=0.004). These effects did not significantly interact with the sex of 

the mice, showing similar patterns in males and females. Interestingly, stimulus-specific 

adaptation (reduced responses to a stimulus in a redundant context relative to when it was in a 
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neutral context) was present prior to adolescence (Supplemental Fig. 2A,B; 2-65Hz power, 100-

400ms; t(6)=-2.99, p=0.024) and did not differ between age groups (age by context interaction, 

F(1,9)=0.11, p=0.739), demonstrating that it is not only mechanistically distinct from deviance 

detection, as previously shown (Ross and Hamm 2020), but that it follows a separate 

developmental arc independent of late-developing cortical circuitry. 

2.3.2 Microglial depletion during adolescence alters prefrontal network oscillations in 

adulthood 

Next, we tested whether microglia are needed in adolescence for the development of 

frontal oscillations, fronto-visual connectivity, and deviance detection. We used a CSF-1 

receptor inhibitor, PLX5622, mixed in Research Diets chow (1200ppm) to reversibly deplete 

microglia brain-wide during discrete periods in peri-adolescence (P28-36), mid-adolescence 

(P42-50), adulthood (P84-92), or not at all (control group; Fig. 3A). To control for the impacts of 

dietary changes, we switched food for all groups in each of the periods from their standard chow 

to the Research Diets chow, absent or present PLX5622. As expected, PLX5622 reduced 

microglial density by ≈90% after seven days of access to the PLX5622 chow, and returned to 

baseline density within one week of removing PLX5622 (Fig. 3B-D). Previous research has 

shown that microglial depletion in adolescence reduces spine and synaptic density in adult 

prefrontal cortex (Schalbetter et al. 2022; Pöpplau et al. 2024). Here we confirmed this effect, 

immuno-staining for VGLUT1 and PSD-95 (Fig. 3E) and quantifying co-localization in 

adulthood after depleting microglia in adolescence (P42-50; Fig. 3F). We observed a decrease in 

ACa synaptic density relative to controls (group main effect; F(1, 11)=18.208, p=0.001; cluster-

bootstrapped p<0.001). However, in adult V1, adolescent depletion does not impact excitatory 
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synaptic density (group main effect; F(1,11)=0.140, p=0.715; cluster-bootstrapped p=0.488), 

suggesting a region-specific structural effect of microglia in adolescence.   

 

Figure 3: Microglia depletion via PLX5622 reversibly ablates microglia during discrete 

developmental periods. A) Schematic of the PLX5622 chow schedule across four groups: peri-

adolescence (P28-36), adolescence (P42-50), adulthood (P84-92), and control (no PLX5622). 

Red boxes indicate periods of PLX5622 chow (i.e., experimental diet) and dashed borders 

indicate Research Diets chow (i.e., control diet). B) Microglia (labeled in CX3CR1-GFP mice, 

green) in coronal ACa (DAPI, blue) at baseline (left) and after 7 days of microglia depletion via 

PLX5622 (right). C) Microglia in ACa at higher magnification (20x) at baseline (left), at 7 days 

of microglia depletion via PLX5622 (middle), and at 7 days post PLX5622 cessation (right). D) 

Quantification of microglia depletion under conditions represented in (C). E) Representative 

confocal image of immunostained pre- and post-synaptic puncta (magenta and blue, 

respectively) with microglia (green) and nuclei (yellow). The inset includes encircled co-

localized puncta, i.e., putative excitatory synapses. F) Co-localized VGLUT1/PSD-95 density in 

V1 (left) and ACa (right) in mice without microglial depletion (control; grey) and with microglia 
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depleted during adolescence (P42-50; cyan). Mouse averages are overlaid on violin plots of all 

ROI data (6 ROIs per mouse); plus sign indicates group averages. **p<0.01, dotted lines 

indicate no significant group differences. 

 

First, in adult mice (P112-125), we examined the impacts of prior microglia depletion on 

resting power, using the same methodology as above. We found that microglial depletion did not 

impact V1 resting power in any depletion group, for any frequency range (Fig. 4A). However, in 

ACa, depleting during adolescence (P42-50), and to a lesser extent, peri-adolescence (P28-36), 

caused an increase in delta power (1-2Hz; group main effect; F(3,66)=3.65, p=0.018) and a 

decrease in beta power (13-25Hz; F(3,66)=3.23; p=0.029; Fig. 4B-D). Gamma-band power (26-

100Hz) showed a similar trend as beta power in ACa but did not reach statistical significance. 

These effects did not significantly interact with sex. Depletion of microglia in adulthood did not 

impact V1 or ACa resting oscillations, suggesting that the observed effects are due to the 

developmental timing of microglial loss rather than a general effect of microglia depletion. 

Overall, these results are consistent with the findings that frontal cortical (but not visual cortical) 

network-level oscillatory activity develops in adolescence (Fig. 2 and (Pöpplau et al. 2024)) and 

that frontal, more so than visual, cortical areas are sensitive to microglial depletion in 

adolescence (Fig. 2F and (Pöpplau et al. 2024)).  
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Figure 4: Developmental microglia depletion impacts local ACa oscillatory activity but 

not V1 or long-range ACa-V1 functional connectivity. All data reflect recordings from adult 

mice, P112-125. A) Log-power spectra from V1 local field potential recordings during awake 

resting periods. B) Same as A in ACa. C) Group-wise barplots with overlaying scatters (each dot 

is one mouse; blue indicates male) for delta power and D) beta power from ACa. E) Phase 

coherence (inverse circular variance of phase lags) between ACa and V1, plotted across 

frequencies for each depletion group, and with F) peak-coherence values plotted across mice. 

Significance of group main effects (two-way ANOVAs between groups and sexes); *p<.05, 

**p<.01. Dotted lines indicate no significant group differences. 

2.3.3 Microglia are dispensable for the development of fronto-visual functional connectivity 

and visual deviance detection. 

We next examined whether the maturation of fronto-visual phase synchrony observed 

over adolescence (Fig. 2) is sensitive to microglial loss. We found that microglial depletion 

during adolescence did not impact this measure of long-range functional connectivity (Fig. 4E,F; 



31 

peak-coherence value across spectrum, group main effect; F(3,53)=0.127; p=0.944). Likewise, 

adult V1 deviance detection (which relies on feedback from ACa) also did not differ between 

depletion groups (2-12 Hz power, context by group interaction: F(3,73)=1.038, p=0.381; Fig 4A-

G), nor did stimulus-specific adaptation (Supplemental Fig. 2C,D; context by group interaction: 

F(3,73)=1.262, p=0.294). Given adult recordings were after P112 in all groups, while our 

PLX5662 treatment in the adolescent group stopped at P50 (and depletion was likely reversed 

within 3-7 days after that), the possibility that deviance detection develops in a period after ≈P57 

(and nevertheless is dependent on microglia) could account for our null effects. We further 

examined deviance detection in a subset of P56 mice (n=7, 5 male), and found that, by this age, 

deviance detection is robust (Supplemental Fig. 3A-B; t(6)=3.52, p=0.013), and does not 

statistically differ from adults (Supplemental Fig. 3C; context by age effect; F(1,9)=1.329, 

p=0.279). Altogether, these results demonstrate that, while some aspects of adolescent-

developing ACa circuit activity, such as increased beta-band oscillations and decreasing delta 

oscillations, are arrested by microglial depletion, certain higher-order visual context processing 

functions such as deviance detection and long-range functional connectivity also develop 

throughout adolescence but do so even when the adolescent cortex is depleted of microglia by 

≈90%.  
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Figure 5: Developmental microglial (MG) depletion does not impact deviance detection. 

A) Time-frequency spectra of local field potential recordings, averaged over mice, and averaged 

over trials when a given orientation (0, 45, 135, or 90 deg) was contextually neutral or deviant 

evince B) clear deviance detection in the delta-theta range (line plots, averaged over mice) for 

the control group and C) all microglial depletion groups. D) Bar plot matching C, showing 

average delta-theta power from 100-400ms post stimulus onset. Dots are individual mice, and 

blue indicates male. E-G) Same as A for each depletion group. 

 

2.4 Discussion 

Our results demonstrate that visual deviance detection, a key component of the mismatch 

negativity (MMN) biomarker, emerges in V1 over adolescence and is accompanied by increased 

functional connectivity between prefrontal and visual cortices. As visual MMN is reduced in 

schizophrenia (Mazer et al. 2024), the symptoms of which also emerge in late adolescence 

(Sohal 2024), our work highlights the utility of this visual cortical biomarker in understanding 

core developmental disease processes. Moreover, these data add to a small but growing literature 

on the later development of higher-order sensory functions, such as natural scene discrimination 

(Kowalewski et al. 2021), and invite a closer look at the maturation of primary sensory cortex 

beyond the critical window. 
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Adolescence represents a key period for the refinement of long-range cortical networks, 

as evidenced by increases in white matter continuing well into early adulthood (Mürner-

Lavanchy et al. 2020; Arain et al. 2013). The increase in ACa–V1 phase synchrony observed 

here suggests that enhanced oscillatory coordination may be a signature of this development in 

mouse models. The emergence of deviance detection during this same period suggests a 

functional link between structural and network-level maturation. Previous studies in rodents 

(Bastos et al. 2023; Hamm et al. 2021; Fiser et al. 2016) have shown that this ACa-to-V1 

feedback projection supports visual context processing (including deviance detection), consistent 

with human lesion studies showing a critical role of prefrontal regions in sensory context 

processing (Fogelson et al. 2009).  

Past work in humans demonstrates that some form of MMN may be present across many 

stages of development, including pre-adolescence (Corcoran et al. 2018). Here we clarify that 

deviance detection and stimulus-specific adaptation develop on distinct timescales, and 

emphasize the importance of experimental design that separates these MMN components – 

especially in animal models.  It warrants mention that the basic ability to detect and process 

visual novelty, at a behavioral level, is clearly present in young children (e.g., playing 

“peekaboo”), and past work has shown that later latency electrophysiological indices of deviance 

detection (e.g., the P300, occurring ≈100-150ms later than MMN) are present even in infants 

(Riggins and Scott 2020).  We show that deviance detection in early visual cortex (V1) emerges 

later, during adolescence, evident as early as 100 ms post-stimulus. This suggests that the ability 

to process context and prioritize novelty in early versus higher sensory regions continues to 

refine during adolescence, potentially reflecting the maturation of sensory filtering mechanisms 

that support efficient perceptual processing and attention (Rueda and Posner 2013).  
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We further examined whether the development of visual context processing functions is 

sensitive to the loss of microglia, as these cells are posited to sculpt cortical circuitry in 

development (Favuzzi et al. 2021; Mallya et al. 2019; Salter and Stevens 2017). Transient 

microglial depletion during distinct developmental windows revealed selective effects on local 

frontal cortical synapses and network activity – consistent with an arrest of typical development 

– but no impact on long-range synchrony or deviance detection. Specifically, adolescent 

depletion increased delta and reduced beta oscillations in ACa when measured in adulthood, 

suggesting that the typical developmental changes in these bands fail to occur (Fig. 2). However, 

the absence of effects on ACa–V1 coherence or visual MMN argue that the developmental 

emergence of top-down feedback and context processing in adolescence is largely microglia-

independent.   

Mixed evidence for the role of microglia in postnatal circuit development (Brown et al. 

2024; Surala et al. 2024; O’Keeffe et al. 2025; Schafer et al. 2012; Mallya et al. 2019; Paolicelli 

et al. 2011) highlights the importance of precisely defining the subprocesses and circuit elements 

under study, e.g., sensory context-processing as opposed to generally “cognition”. However, 

heterogeneous approaches (Hume 2025) – including the method of microglial depletion (e.g., the 

more cell-specific PLX-5622 versus the more commonly used PLX-3397) (Spangenberg et al. 

2019), route of administration (e.g., acute delivery via surgery versus non-invasive systemic 

delivery brain-wide) (Lund, Pieber, and Harris 2017), duration of depletion, and definition of 

adolescence – all complicate the extrapolation or comparison of findings and, ultimately, 

preclude a generalized role for microglia in supporting cortical development. Our data add to two 

previous studies that have assessed the impacts of microglial depletion in adolescent prefrontal 

cortical development (Schalbetter et al. 2022; Pöpplau et al. 2024). These studies, which focus 
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on prefrontal neuronal morphology and prefrontal-dependent behaviors, find microglia necessary 

in adolescence for the development of these functions.  Here, we report that, where comparable 

measures were taken (i.e., prefrontal oscillations, synaptic density), microglia in adolescence 

played a similar role, yet, when extended to examine fronto-visual circuit function, microglia 

appear dispensable in adolescence. Notably, Popplau and colleagues depleted microglia during a 

period that we define as “peri-adolescence” and used PLX-3397, a less selective CSF-1R 

inhibitor than PLX-5662 (Spangenberg et al. 2019), which could account for the broader effects 

they observed. A similar study on mostly pre-adolescent V1 development used PLX-5662 (as in 

our study) and found much more limited contributions from microglia(Brown et al. 2024). Our 

results may bespeak a broader pattern of region-specific roles for microglia, where prefrontal 

development in adolescence relies on microglial activity to a greater extent than in e.g., V1.    

The experimental design used here allowed us to deplete microglia reversibly in discrete 

periods without perturbing or stressing the animals through surgery or extensive handling. 

However, the several advantages of PLX-5622 chow (i.e., non-invasive, greater selectivity, 

reversible) require trade-offs that should be recognized in interpreting these results. Firstly, to 

specifically target discrete periods in development, we were unable to ensure complete 

elimination of all microglia (i.e., with Csf1rΔFIRE/ΔFIRE mice (Surala et al. 2024)). While we 

cannot rule out that that the small remaining portion (~10%) of microglia may have contributed 

to MMN and fronto-visual development in adolescence, remaining microglia or other potential 

compensatory responses (e.g., astrocyte activity) still would not reflect typical development of 

these processes. Additionally, we chose three timepoints for manipulation: peri-adolescence and 

(mid-) adolescence to assess the specificity of these periods for any developmental processes, 

and adulthood to control for any changes generated by the loss of microglia independent of 
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developmental stage. So, while the data presented here are specific to the role of microglia 

during discrete periods of adolescence, microglia could potentially influence development in a 

broader or more pliable manner. For example, microglia could still play an organizational role 

early in circuit development upon which later development scaffolds to generate mature MMN 

and fronto-visual circuitry. Additionally, although we present evidence that deviance detection 

emerges between ~P28 and ~P56 (i.e., during our periods of depletion), it is possible microglia 

do contribute to this maturation but can do so flexibly at any point in adolescence (i.e., peri-

adolescence or adolescence). That is, the developmental timeline of deviance detection could be 

plastic and shift during a major change in setting (e.g., microglial depletion). To test this, future 

work should measure deviance detection and fronto-visual functional connectivity in mice 

devoid of microglia across the lifespan (i.e., Csf1rΔFIRE/ΔFIRE mice) and/or deplete microglia for 

longer periods (e.g., continuously from P28 to P56). 

Although our data here focus on the impact of microglial depletion, evidence linking 

schizophrenia and microglial dysfunction largely points to an overactive microglia phenotype, 

rather than hypofunction (Bloomfield et al. 2016; Yilmaz et al. 2021). Thus, these data do not 

offer speculation regarding the direct role of microglia in disease-altered MMN but rather 

investigate potential mechanisms underlying MMN during the developmental time course of 

schizophrenia onset. This approach offers a more fundamental approach to understanding 

disease-relevant processes. However, it is possible that, under conditions of pathological risk 

(e.g., GRIN2A mutation, etc.), microglial depletion may mitigate or even reverse deviance 

detection deficits (Herzog et al. 2023). Such investigations may be fruitful for investigating 

potential therapeutic avenues targeting microglia.  
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Our data specifically addressed how microglia shape the development of sensory cortical 

neurophysiology and MMN, which is more specific to schizophrenia than prefrontal 

neuropathology (Clementz et al. 2016; Javitt and Freedman 2015; Javitt and Sweet 2015), and 

demonstrate that, in contrast to other cortical measures reported reliant on microglia, the 

adolescent development of fronto-visual connectivity and MMN is robust against microglial 

depletion. This pattern of findings fits with the emerging picture of microglia as developmental 

regulators of circumscribed function (e.g., shaping prefrontal circuit properties) (Hume 2025). 

Whether these restricted impacts are due to region-specific developmental trajectories, function-

specific redundancies, and/or altered compensatory responses requires further investigation.   

The chapter above represents a full manuscript (under revision) for which I (Anna Rader 

Groves) am first author with the following co-authors: David A. Ricci, Joseph A. Wargo, 

Valentina J. Sutton, Hana S. Dalwai, Antanovia D. Ferrell, Bhoomi Desai, Jordan M. Ross, 

Connor G. Gallimore, Chloe L. West Jacobs, Georgia Bastos, Jessica L. Bolton, Fumiyasu Imai, 

Jordan P. Hamm. 
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3 A KEY REGULATOR OF DENDRITIC MORPHOLOGY IN SUPRAGRANULAR 

NEOCORTEX IMPACTS MISMATCH NEGATIVITY 

3.1 Introduction 

The structure of neurons is tightly linked to their function and physiology, and thus, 

pathological neuronal morphology is often connected to pathological neuronal function (Zhou, 

Zuo, and Jiang 2019; Prasad and Alizadeh 2019). In neuropsychiatric disorders such as 

schizophrenia and bipolar disorder, atypical neuronal morphology, including reductions in 

dendritic arbors and dendritic spines, is commonly observed postmortem (Forrest, Parnell, and 

Penzes 2018). Such alterations have been reported in several regions, including dorsolateral 

prefrontal cortex, primary auditory cortex (A1), and primary visual cortex (V1) (Glausier and 

Lewis 2013; Fish et al. 2025; Mavroudis et al. 2021). Notably, morphological abnormalities have 

been largely observed in supragranular layers (layer 2/3) (Wagstyl et al. 2016; Kolluri et al. 

2005; Cullen et al. 2006), which aligns with clinical genetic risk and gene expression data 

implicating supragranular neurons in schizophrenia etiology and suggests a pathological role for 

these supragranular abnormalities (Batiuk et al. 2022; Dear et al. 2024).  

A missense mutation (P2255T) in the Kalrn gene, Kalrn-PT, has been shown to reduce 

dendritic length and complexity in layer 3 (but not layer 5) of mouse A1, recapitulating a 

commonly reported finding in postmortem cortical tissue from individuals with schizophrenia 

(Grubisha et al. 2021; Kalus et al. 2000; Mavroudis et al. 2021). KALRN-PT was first identified 

as a rare risk-modifying variant in a Japanese population with schizophrenia (Kushima et al. 

2012), although a subsequent large-scale examination of schizophrenia-associated mutations did 

not identify KALRN ((Singh et al. 2022) but see also (Gulsuner et al. 2020)). The mutation, 

which is only present in longer isoforms (Kal9, Kal12), directly influences dendritic structure 



39 

through a modest gain of function in RhoA, a key protein in a cytoskeletal molecular pathway 

with established clinical relevance (Tanaka and Yamada 2023; Kermath, Vanderplow, and Cahill 

2020; Katrancha et al. 2017; Hanifa et al. 2023; Penzes et al. 2013; H. Zhang et al. 2021). 

Importantly, altered pyramidal arbors in A1 of mice with the Kalrn-PT variant are present in 

adulthood but not before adolescence, mirroring the adolescent onset of neuropsychiatric 

disorders like schizophrenia (Grubisha et al. 2021). 

As many have emphasized (Mitchell et al. 2013; Nestler and Hyman 2010; Seong, 

Seasholtz, and Burmeister 2002), no mouse model can replicate complex, polygenic, 

polyetiological psychiatric diseases like schizophrenia with broad validity. Instead, models 

should focus on a restricted set of disease-relevant domains. To this end, Kalrn-PT mice offer a 

narrow model of molecular (RhoA) and cellular (dendrite loss) alterations with schizophrenia-

relevant spatial (supragranular) and temporal (adolescent-onset) features arising from a single 

genetic (base pair) change (Tanaka and Yamada 2023; Grubisha et al. 2021; Kolluri et al. 2005; 

Uhlhaas 2011). By recapitulating these facets, Kalrn-PT mice provide a controlled system for 

linking such molecular and structural alterations to cell and circuit functions. Exploring 

functional alterations that co-occur with these morphological deficits in clearly defined animal 

models helps delineate clusters of common psychiatric features sensitive to – and linked by – a 

common upstream effector. 

Reduced mismatch negativity (MMN), an electrophysiological measure indexing sensory 

context processing (i.e., heightened responses to unexpected stimuli), is one of the most 

consistently reported biomarkers of schizophrenia (Näätänen et al. 2011). Altered MMN offers a 

candidate biomarker that may be impacted by the Kalrn-PT mutation for several reasons. Firstly, 

mismatch responses in populations with schizophrenia have been correlated with gray matter 
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volume reductions thought to reflect the loss of neuropil (including dendrites), but direct 

measures of dendritic structure are not accessible in humans in vivo (Rasser et al. 2011; Salisbury 

et al. 2007; Curtis, Coffman, and Salisbury 2021). Second, past research indicates that deviance 

detection (a rodent analogue of MMN) is first computed in supragranular pyramidal neurons of 

primary sensory cortex, the aberrant cell type observed in Kalrn-PT mice (Hamm et al. 2021; 

Gallimore, Ricci, and Hamm 2023). In supragranular neurons, bottom-up sensory afferents are 

integrated with top-down feedback from higher brain regions (A. M. Bastos et al. 2012; Jordan 

and Keller 2020). Our past work (Bastos et al. 2023; Hamm et al. 2021) and others’ (Hockley, 

Bohórquez, and Malmierca 2025; Obara et al. 2023) has demonstrated that such feedback input 

to sensory cortices is required for deviance detection. It is reasonable then to expect deviance 

detection to rely on intact dendritic structure in layer 2/3 neurons themselves, as these arbors 

provide the substrate for distributed input integration (Branco and Häusser 2011). Finally, in 

humans, MMN amplitude and topography have been shown to mature during adolescence 

(Cooray et al. 2016; Corcoran et al. 2018; Bishop, Hardiman, and Barry 2011). Critically, work 

from our group has recently shown that deviance detection in primary sensory cortex emerges 

across adolescence in mice as well (Rader Groves et al. 2025). Thus, deviance detection relies on 

the specific computational units (i.e., supragranular neurons) impacted in Kalrn-PT mice and 

follows a developmental trajectory common to the model’s morphological phenotype and 

schizophrenia symptom onset.  

Using the Kalrn-PT model, we sought to test the hypothesis that spatially and temporally 

selective cytoskeletal alterations co-occur with altered sensory context integration. To do so, we 

evaluated integrative sensory measures, including deviance detection and orientation selectivity, 

in Kalrn-PT mice across cortical layers, along with pyramidal neuronal function. Together, the 
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results address a fundamental gap in understanding how dendritic structure relates to visual 

cortical function and indicate a role for Kalrn in sensory physiology. Moreover, the 

circumscribed nature of the alterations in supragranular layers presents a plausible link from 

mechanism to phenotype, a key area for future investigation.   

3.2 Methods and Materials 

All experimental procedures were carried out under the guidance and supervision of the 

Georgia State University (GSU) Division of Animal Resources and in accordance with the 

approved Institutional Animal Care and Use Committee (IACUC) protocol at GSU.  

3.2.1 Animals 

Adult (12 weeks or older) female and male mice were used for these experiments. Mice 

were generated from breeding pairs heterozygous for the P->T mutation (P2255T) in the Kalrn 

gene, permitting use of Kalrn-PT homozygous and wild-type (WT) littermates. These mice were 

previously generated on a C57BL/6 background using CRISPR/Cas9, validated (e.g., assessed 

for off-target effects), and shown to have unaltered expression of major Kalirin isoforms (Kal7, 

Kal9, Kal12) (Grubisha et al. 2021). Mice were weaned between postnatal day (P)21 and P25 

and separated by sex (maximum five mice per cage). Animals were kept under a 12-hour 

light/dark cycle with food and water available ad libitum.  

Electrophysiological data for this manuscript consisted of two main experimental cohorts 

generated on independent experimental set-ups: Cohort 1, bipolar electrodes implanted in V1 and 

ACa, 12-18 weeks, n=8 WT (3 female) and n=8 Kalrn-PT (4 female); Cohort 2, multielectrode 

implanted in V1, 18-20 weeks, n=4 WT (3 female) and n=5 Kalrn-PT (3 female). Differences 

between these cohorts are described below using this notation, where applicable. 
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3.2.2 Histology and Imaging 

Golgi staining and brightfield imaging. Mice (Kalrn-PT and littermate/cagemate WT) 

were anesthetized and rapidly decapitated, and brains were extracted. Golgi staining was 

conducted using the FD Rapid GolgiStain Kit according to the associated protocol 

(FDNeurotechnologies). Estrus phase (follicular vs luteal) was balanced across genotype. Mice 

were ~12 weeks or ~18 weeks to reflect the age range recorded in Cohort 1; no qualitative 

differences were observed between ~12-week and ~18-week animals. 

Golgi-stained tissue from primary visual cortex (V1) of WT (n=13 mice, 8 female; 85 

neurons) and Kalrn-PT mice (n=13 mice, 8 female; 87 neurons) was imaged under a 30x silicon 

oil objective (NA 1.05) on an Olympus IX73 microscope across layers 2/3, 4, and 5. Z-stacks 

were acquired every 1.5um steps through the full thickness of the neuron. Tiling using cellSens 

was conducted across the entire section under 4x to determine the boundaries of V1 and gauge 

soma depth. The selection criteria for neurons included: non-overlapping soma, complete 

staining (i.e., no truncated branches), and at least three primary basilar dendrites. A secondary 

scorer validated pyramidal morphology on a case-by-case basis. The basilar arbors of Golgi-

stained pyramidal neurons were then manually reconstructed using the NeuroLucida software, 

and Sholl analyses for intersections and dendritic length were carried out for Sholl radii every 

20um using NeuroExplorer. Only basilar arbors were examined for simplicity given the similar 

reductions between basilar and apical arbors in A1 of Kalrn-PT mice and because basilar 

measures are more commonly reported (Grubisha et al. 2021; Sweet et al. 2009).  

Additional tissue (n=4 per genotype, from animals used in immunohistochemistry 

experiments) underwent Nissl staining (dehydration, cresyl violet immersion, differentiation, and 

clearance by xylenes). Sections were manually scored for laminar thickness as a percentage of 
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total cortical thickness, and these percentages were used to assign laminar positions of Golgi-

stained neurons (see Fig. 6B). 

Immunohistochemistry (IHC) and confocal imaging. WT (n=4, 2 female) and Kalrn-PT 

mice (n=4, 2 female) were transcardially perfused with 4% paraformaldehyde (PFA) at postnatal 

day 84 or 85 (12 weeks), and brains were extracted, post-fixed in PFA overnight, then immersed 

in 30% sucrose for cryoprotection. Brains were then sectioned coronally at 25µm, and sections 

containing V1 or ACa were placed free-floating in 1X phosphate-buffered saline (PBS). Sections 

were washed in PBS (3x) then incubated for twenty minutes in 0.09% hydrogen peroxide to 

block endogenous peroxidase activity. Sections were washed again in PBS (3x) and moved into 

blocking buffer (5% normal donkey serum, 0.2% bovine serum albumin in 0.1% PBS-TritonX) 

for one hour to reduce background signal. Primary antibody incubation (PSD-95 hosted in rabbit 

(1:1000; Invitrogen 51-6900)) was done at 4°C for 72hrs, with 30 minutes of acclimation at 

room temperature at the start and end of the incubation. After primary incubation, the sections 

were washed in 0.1% PBS-TritonX (3x). Sections were then incubated in secondary antibodies 

(donkey anti rabbit -568 (1:500; Jackson Immuno 711-575-152)) for 2-3 hours. Sections were 

washed again in 0.1% PBS-TritonX and then mounted on Superfrost Plus slides and sealed with 

DAPI (Vectashield, Vector Laboratories).  

Images were acquired on a Zeiss LSM 980 with Airyscan 2 (laser lines: 568) under a 

Plan-Apochromat 63x/1.40 objective with 1.8x digital zoom (74.8x74.8um ROI) in 5um z-

stacks. 6 ROIs were acquired in V1 and were centered roughly around supragranular layers. 

Density measures were normalized by IHC round (using WT averages within each round). 
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3.2.3 Electrophysiology and Visual Stimuli  

Surgery and training. Animals were anesthetized with isoflurane (3% at induction, 0.8-

2% for maintenance). For both cohorts, a titanium headplate was secured to the skull to allow for 

head fixation during recordings. 

Cohort 1 (bipolar electrodes in V1): Prior to the surgery, two pairs of bipolar 

titanium electrodes (Plastics One, Roanoke, VA, USA) were twisted together. Mice were 

implanted with one twisted bipolar electrode inserted below the dura in stereotaxically 

defined left V1 (coordinates from bregma: V1, X=2 mm, Y= -2.92 mm) and a second 

twisted bipolar electrode was implanted in left anterior cingulate area (ACa; X = -0.35 

mm, Y = +1.98 mm, Z = 0.9mm). Bipolar electrodes were grounded on the contralateral 

skull. 

Cohort 2 (multielectrode in V1): In the first surgery, a single titanium reference 

screw overlying the cerebellum was also implanted at the time of headplate attachment. A 

second surgery was performed one day prior to the experiment creating a small 

craniotomy (1-2 mm) above left V1 for acute electrode insertion. Prior to insertion during 

surgeries, probes and electrodes were submerged in Dil dye for post-hoc anatomical 

validation. 

Following surgery, each animal received three days of head fixation training on a manual 

treadmill, increasing in duration from 5-10 minutes to 45-60 minutes, to improve tolerability and 

comfort during head fixation. During training, mice were exposed to sequences of visual moving 

grating stimuli (described below) for acclimation. 
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After recordings, brains were post-fixed over-night in 4% paraformaldehyde, then 

cryosectioned coronally and visually inspected for electrode placement confirmation, referenced 

against the Allen Brain Atlas. For Cohort 2, 3D reconstructions of multielectrode tracks were 

done using SHARP-Track for registration to the Allen CCF (Shamash et al. 2018). 

Visual stimuli. As previously described (Gallimore, Ricci, and Hamm 2023; Bastos et al. 

2023), full-field square-wave gratings (100% contrast; .08 cycles per degree) of 30, 45, 60, 90, 

120, 135, 150, and 180-deg orientations were created with MATLAB Psychophysics Toolbox 

(Brainard 1997; Pelli 1997) and displayed on an LCD monitor (19-inch diameter, 60 Hz refresh 

rate for Cohort 1, 27-inch diameter, 170 Hz refresh rate for Cohort 2) positioned ≈20-30cm from 

the right eye while the mouse was head-fixed and freely moving on a treadmill. 

Animals were exposed to two types of visual sequences. i) The “many-standards” control 

sequence is made up of all 8 orientations presented randomly with approximately equal 

likelihood (≈12.5% probability) (250 trials in Cohort 1, 400 trials in Cohort 2). ii) The oddball 

sequence run is composed of two stimuli separated by 90-deg (e.g., 0-deg and 90-deg), one 

shown in a redundant context (≈87.5% probability) and one in a deviant context (≈12.5%) 

presentation (125 trials for Cohort 1, 200 trials for Cohort 2); contexts were “flip-flopped” within 

the same run, halfway through, such that the previously redundant stimulus served as the deviant 

and vice versa (125 more trials for Cohort 1, 200 more trials for Cohort 2). This procedure 

ensured that we captured responses to a given orientation in all three sensory contexts: 

equiprobable (control), high likelihood/expected (redundant), and low likelihood/unexpected 

(deviant). 
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For Cohort 1, experiments consisted of alternating control and oddball sequence runs 

(two of each), whereas in Cohort 2, two oddball runs followed one control run. In the second 

oddball run, a different stimulus orientation pair (e.g., 45-deg and 135-deg) was shown. This 

procedure ensures that four separate orientated stimuli participated in all three sensory contexts: 

equiprobable (control), high likelihood (redundant), and rare (deviant). Visual trials across all 

paradigms were 1.025 second in duration: 500ms of drifting gratings interleaved with 500-550ms 

of a middle gray blank screen.  

Collection and processing. Intracortical electrical signals were recorded from either a) 

bipolar electrodes inserted into V1 and ACa (Cohort 1) or b) custom designed 16-channel 

NeuroNexus probe (750μm length, 50μm inter-contact distance; A1×16–3mm50–177; Ann 

Arbor, MI) inserted perpendicularly into left V1 at 1μm/s until the dorsal-most electrode was 25-

50μm below the dura (deduced from real-time signals; Cohort 2). 

Cohort 1: Insulated cables were connected to the implanted electrodes (ACa and V1) and 

plugged into a differential amplifier (Warner instruments, DP-304A, high-pass: 0 Hz, low-pass: 

500 Hz, gain: 1K, Holliston, MA, USA). Amplified signals were passed through a 60 Hz noise 

cancellation machine (Digitimer, D400, Mains Noise Eliminator, Letchworth Garden City, UK), 

which, instead of filtering, creates an adaptive subtraction of repeating signals which avoids 

phase delays or other forms of waveform distortion. 

Cohort 2: Multielectrode signals were amplified and digitized at 20kHz using an Intan 

512ch recording controller (0.1 Hz lower bandwidth; 7500 Hz upper bandwidth) after a 

minimum of 20 minutes elapsed following insertion. 
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3.2.4 Analysis  

Histology. To assess genotype differences in dendritic morphology, the area under the 

curve across the 30-70um Sholl radii (proximal AUC) was taken for dendritic length and number 

of Sholl intersections, as proximal dendrites showed the greatest genotype difference 

qualitatively. A linear mixed effects model was fit to the morphological variable (proximal AUC 

for length or intersections) with cortical layer and genotype as fixed effects and mouse as a 

random effect (Y ~ Layer * Genotype + (1|Mouse)). We computed estimated marginal means 

(i.e., least-squares means) for analysis of genotype within cortical layer, using one-sided testing 

given our strong a priori hypotheses based on previous observations in A1 of Kalrn-PT mice. We 

also conducted a likelihood ratio test comparing the model with and without the interaction term 

to assess a genotype-by-layer interaction. These tests revealed no significant interaction terms, 

although the interaction term for dendritic length approached significance (length: X2 (2, N = 

172)= 4.888, p=0.087; intersections: X2 (2, N = 172)= 3.2863; p=0.1934). P values and degrees 

of freedom were computed via the lmerTest (Kuznetsova, Brockhoff, and Christensen 2017) and 

emmeans (Lenth and Piaskowski 2026) packages in R Studio using Satterthwaite's 

approximation. 

To assess differences in PSD-95 density, confocal images were imported into FIJI and z-

projected across 8 consecutive optical sections (selected for quality). Images were then processed 

using the SynBot plugin and manually thresholded to quantify puncta (Savage et al. 2024). A 

generalized linear model was fitted for the data with genotype as the predictor using cluster 

bootstrap resampling at the mouse level (ClusterBootstrap package in R; (Deen and de Rooij 

2020)). Bootstrapped samples (1,000 iterations) were generated at the mouse level to preserve 

the hierarchical structure, accounting for within-mouse correlations. Statistical inference was 
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conducted via permutation testing to compare genotypes (10,000 permutations); the p value 

reported represents the proportion of permuted test statistics as or more extreme than the 

observed statistic. A one-tailed test was used given our directional a priori hypothesis reflecting 

previous dendritic spine density data in Kalrn-PT A1 (Grubisha et al. 2021). 

For all histological data processing and analysis, the experimenter was blinded to 

genotype and the same experimenter conducted data processing and analysis to ensure 

consistency. 

Electrophysiology. To compare stimulus-induced power, we combined single trial power 

estimates across both cohorts (single and multielectrode contexts; n=12 WT, n=13 Kalrn-PT) 

and focused on theta to low-gamma power (4-60Hz), averaged from 40 to 350ms post-stimulus 

onset and across orientations. We carried out a linear mixed effects analysis with context as a 

within-subjects variable and genotype and sex as between subjects variables. Mouse and cohort 

(single vs multielectrode recordings) were treated as a random effects variable.  

ACa-to-V1 coherence (Cohort 1; n=7 WT, n=8 Kalrn-PT) was analyzed using a mean-

vector technique on the ACa–V1 phase differences – similar to an inter-trial phase coherence 

metric (Hamm et al. 2012) as previously described (Bastos et al. 2023). One WT animal was 

removed due to missed ACa electrode placement. Statistical analysis focused on the peak in 

synchrony between 6 and 10HZ, and a mixed ANOVA assessed genotype and stimulus context. 

For analysis of neuronal spiking, we analyzed single unit (n=83) and multiunit cluster 

activity (n=104) in multielectrode recordings (Cohort 2; n=187 from 3 WT and 5 Kalrn-PT 

animals). One WT animal was excluded because units were lost between recordings.  Stable 

units (see Supplemental Fig. 2) were split into broad spiking (as shown in Fig. 8) and narrow 
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spiking units/clusters. For each unit, spikes were averaged across trials for each stimulus context 

type (control, deviant). For statistical analyses of deviance detection, we focused on the early 

stimulus evoked peak (occurring in the first 150ms post stimulus onset) and the average 

sustained activity (150ms-350ms) separately. We carried out linear mixed effects analysis on 

individual unit response metrics (deviance detection early peak, sustained activity, SSA, OSI, 

global firing rate) with mouse as a random effects variable. We split analyses into three putative 

layers: layer 2/3 (200 to 350µm), layer 4(351-450µm), and layer 5/6 (451-750µm).  

3.3 Results 

3.3.1 Layer 2/3 pyramidal neurons exhibit reduced dendritic length in Kalrn-PT V1 

Decreased dendritic arborization in pyramidal neurons, particularly in supragranular 

layers, has been found across several cortical regions (e.g., V1, prefrontal cortex) in 

schizophrenia (Mavroudis et al. 2021; Kalus et al. 2000). A recent study by our group showed 

that Kalrn-PT mice recapitulate these deficits in layer 3 (but not layer 5) of A1 (Grubisha et al. 

2021). We anticipated that these deficits would extend to other sensory cortical regions and thus 

be present in V1. To test this prediction and further assess the laminar stratification of these 

effects, samples from V1 of Kalrn-PT and WT littermates were Golgi-stained, and basilar 

dendritic morphology of pyramidal neurons was compared between genotypes for layer 2/3, 

layer 4, and layer 5 (Fig. 6). To minimize statistical tests, we focused analyses on the area under 

the curve (AUC) for proximal branches (30-70um radii), as this captured the peaks. 

Proximal dendritic length differed significantly between genotypes only in superficial 

layers (Fig. 6D; Layer 2/3: t(87.2)=1.985, p=0.0251; Layer 4: t(65.1)= -0.790, p=0.7838; Layer 

5: t(82.6)=0.227; p=0.4104). For proximal dendritic complexity measures (i.e., number of Sholl 
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intersections), superficial layers exhibited a trend towards genotype differences, but this 

difference did not reach statistical significance (Fig. 6E; Layer 2/3: t(86.2)=1.588, p=0.058). 

Layers 4 and 5 showed no differences in complexity by genotype (Fig. 6E; Layer 4: t(61.2)= -

0.620, p=0.7313; Layer 5: t(76.2)=0.012, p=0.4954). These analyses revealed a decrease in the 

extent of proximal dendritic arbors in supragranular, but not granular or infragranular, pyramidal 

neurons in V1 (Fig. 6D-E), consistent with previous data in A1 of Kalrn-PT mice and in patterns 

of spine density alterations in postmortem SZ tissue (Grubisha et al. 2021; Kolluri et al. 2005).  

 

Figure 6: Kalrn-PT mutation decreases V1 proximal dendritic arbors in layer 2/3. (A) 

Representative reconstructions of basilar dendritic arbors from pyramidal neurons in V1 layer 

2/3 from WT (left) and Kalrn-PT (right) animals. (B) Total length of the basilar dendritic arbor 

and (C) total number of basilar Sholl intersections as a function of soma depth in V1 pyramidal 

neurons from WT animals (n=85 cells, 13 animals) and Kalrn-PT (n=87 cells, 13 animals). 

Lines showing LOESS smoothed fit (span=0.6) are overlaid with shaded regions indicating 

SEM. Matching shapes indicate cells from the same animal. (D) Sum of dendritic length and (E) 

number of Sholl intersections by Sholl radius in layer 2/3 (WT: n=25 cells/12 animals; Kalrn-

PT: 20 cells/8 animals), layer 4 (WT: n=36 cells/12 animals; Kalrn-PT: n=32 cells/12 animals), 

and layer 5 (WT: n=24 cells/11 animals; Kalrn-PT: 35 cells/13 animals). In D-E, error bars 

indicate SEM. 

* indicates p < 0.05. # indicates trend-level significance (p=0.058). SEM = standard 

error of the mean; WT = wild type. 
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In addition to dendritic arbors, dendritic spine density is often reported to be decreased in 

schizophrenia (Glausier and Lewis 2013; Sweet et al. 2009). Spine density per unit tissue was 

previously shown to be reduced in layer 3 Kalrn-PT A1, but spine density per unit dendrite 

length was reported unaltered, suggesting that this decrease in spine tissue density is driven by 

the decrease in dendritic length (Grubisha et al. 2021). In a smaller cohort, we observed a non-

significant trend (p=0.076) towards decreased spine density (i.e., PSD-95 puncta density) in 

superficial V1 of Kalrn-PT mice (Supplemental Fig. 1), consistent with our observations of 

reduced dendritic arbors within this region.   

 

Figure 7: Kalrn-PT mice exhibit reduced deviance detection and fronto-visual synchrony. 

(A) Awake mice viewed full field moving gratings. Visual stimuli include the many-standards 

control sequence (top) in which eight stimuli are equiprobable and the oddball sequence 

(bottom) in which one orientation is repeatedly shown and interrupted by a different (deviant) 

orientation randomly. Brown box marks the same stimulus in the control and deviant context. (B) 
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Local field potentials were recorded from two cohorts. Cohort 1 (top): Bipolar electrode 

recordings were taken from V1 and ACa. Cohort 2 (bottom): 16-channel multielectrode 

recordings (750 µm span, 50µm interelectrode spacing, from layer 1 to 5) were taken from V1. 

Electrode placement was confirmed with histology following recordings in both cohorts. (C) 

Stimulus-induced power in V1 during control and deviant stimulus contexts for WT (left) and 

Kalrn-PT (right) animals. (D) Stimulus-induced power (averaged 4-60Hz) by context across the 

stimulus presentation interval for WT (left) and Kalrn-PT (right) mice (± SEM). (E) Average 

stimulus-induced power (± SEM) by context from (D; 40-350ms) for WT (left) and Kalrn-PT 

(right) mice. Individual mice from Cohort 1 and 2 are overlaid as circles and triangles, 

respectively. Panels C-E combine data from Cohorts 1 and 2. (F) ACa-V1 phase coherence (± 

SEM) during visual stimulation, averaged across all stimulus conditions for WT (n=7) and 

Kalrn-PT (n=8) animals. (G) Peak ACa-V1 phase coherence across theta-band frequencies (6-

10Hz) per animal. Panels F-G include data from Cohort 1 only.  

* indicates p < 0.05. SEM = standard error of the mean; WT = wild type. Dashed lines 

indicate stimulus onset/offset and shaded boxes indicate time or frequency window used for 

statistical analysis. 

.  

3.3.2 Visual deviance detection, the intracortical rodent analogue of mismatch negativity, is 

abolished in Kalrn-PT mice 

Given reductions in supragranular dendrites in V1, we next sought to assess a functional 

measure of cortical integration with disease relevance, focusing specifically on visual deviance 

detection during an oddball sequence. Deficits in visual mismatch negativity, though frequently 

overlooked in favor of the auditory domain, are consistently reported in schizophrenia and other 

disorders of sensory-perceptual dysfunction (Kremláček et al. 2016; Mazer et al. 2024). Other 

visual perceptual aberrations are commonly reported in psychiatric disorders as well, including 

in early phases of schizophrenia (Silverstein et al. 2021; Løchen et al. 2023; Schwarzer et al. 

2022). 

We recorded extracellular electrophysiology from V1 in awake WT and Kalrn-PT mice 

using either a bipolar electrode (n=16) or a multielectrode array (n=9; Fig. 7B). During 

electrophysiological recordings, mice were shown a standard visual oddball sequence (repetitive 

stimuli randomly interrupted by a “deviant” stimulus) and a many-standards control sequence 
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(stimuli are equiprobable) (Fig. 7A). Stimulus-induced power was measured for two stimulus 

contexts: a) contextually neutral (i.e., during a many-standards control) vs b) contextually 

deviant (“oddballs”). The difference in responses to these two stimulus contexts equates to 

deviance detection. Using these two separate sequences (instead of comparing between the 

deviant and the repeated “redundant” stimulus within the oddball run) is necessary to 

differentiate cortically dependent “deviance detection” from stimulus specific adaptation 

(Gallimore, Ricci, and Hamm 2023), which has been previously identified to emerge 

subcortically (Parras et al. 2017). A linear mixed effects analysis revealed a genotype-by-

stimulus context interaction (t(42)= -2.4115, p=0.020), indicating a significant reduction in 

deviance detection in Kalrn-PT mice (Fig. 7C-E).  

We have previously shown that deviance detection responses in V1 depend on feedback 

from ACa (a prefrontal region that projects to V1 in mice), particularly in the theta-alpha band 

(Hamm et al. 2021; Bastos et al. 2023). To assess the integrity of fronto-visual circuitry, we 

measured phase coherence between local field potential (LFP) signals in ACa and V1. The theta 

band (6-10Hz) peak in ACa-V1 synchrony observed in WT mice was significantly reduced in 

Kalrn-PT mice during visual stimulation (main effect of genotype, F(1,13)=7.37, p=0.018), 

suggesting impaired inter-regional communication (Fig. 7F-G). 

3.3.3  Neural responses to sensory mismatch are impaired in layer 2/3 in Kalrn-PT mice 

To test layer-specific context integration in Kalrn-PT mice, we isolated spiking units 

(putative single neurons or local multineuron clusters) stable across multielectrode recordings in 

Cohort 2 (n=187 from 5 Kalrn-PT mice and 3 WT mice; Supplemental Fig. 2) and analyzed 

activity during visual stimuli. To reflect the cell type in which we observed altered morphology, 
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we focused on units that exhibited broad spike waveforms characteristic of pyramidal neurons 

(n=147) for the main analysis.  

In WT mice, we found robust deviance detection in putative layer 2/3 neurons that 

emerged early, <100ms after the onset of the stimulus (Fig. 8A,B). In contrast, layer 2/3 neurons 

in Kalrn-PT mice did not show strong deviance detection in this period (Fig. 8C,D). A linear 

mixed effects analysis, with mouse as a random effects variable, confirmed this genotype-by-

context interaction on peak firing rate from 0 to 100ms (significant fixed effects coefficient; 

t(76)=-2.80, p=0.006; Fig. 8E) within layer 2/3. This effect was driven by units spread evenly 

across mice and was not driven by one recording (Fig. 8E). This finding aligns with the LFP data 

(Fig. 7C-E) and, as a measure of integrated neuronal output, further suggests that supragranular 

pyramidal cells fail to propagate deviance detection responses. 

We did not identify clear deviance detection, genotype differences, or genotype-by-

context interactions for early or late latency responses in putative layer 4 (Fig. 8F-J) or layer 5/6 

units (Fig. 8K-O). To further summarize how deviance detection effects were spread across 

cortical depth, we generated a “deviance detection index” by subtracting the deviant response 

from the control and then dividing this by the maximum response across all stimulus conditions 

for each unit. These values are plotted in Fig. 8P. 
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Figure 8: Layer 2/3 neurons fail to display deviance detection in Kalrn-PT mice. (A) 

Raster plots of trial-averaged firing responses (normalized firing rate; FR) across units (putative 

single and multineuron clusters) from layer 2/3 from WT mice. (B) Responses from (A) averaged 

over units with shaded regions indicating SEM. (C-D) same as A-B, but for Kalrn-PT mice. (E) 

Peak responses from 0 to 100ms after the onset of stimuli. Each dot is one unit; black indicates 

WT units and blue indicates Kalrn-PT units. (F-J) Same as A-E for layer 4 neurons. (K-O) Same 

as A-E for layer 5/6 neurons. (P) Deviance detection index (deviant minus control, divided by 

max response over all contexts) plotted as a function of depth from pial surface. Smoothed 

gaussian fit line (200µm window) overlaid for each group. (Q) Overall firing rates across 

recordings and (R) orientation selectivity (1 minus circular variance) did not differ between 

genotypes for any layer. For E-R, matching shapes indicate isolated units from the same animal.  

** p<0.01, genotype-by-context interaction. Dashed lines indicate p>0.05. SEM = 

standard error of the mean; WT = wild type. 
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3.3.4 Basic visual processing remains intact in Kalrn-PT mice 

To verify that mismatch deficits are not simply a consequence of gross alterations to 

neuronal function, we examined global firing rate and orientation selectivity. We found unaltered 

firing rate (Fig. 8Q), and normal orientation selectivity across units in layer 2/3 (Fig. 8R; 1-circ 

variance; t(33)=1.10, p=0.28), layer 4 (t(18)=1.72, p=0.10), and layer 5/6 (t(91)=0.67,p=0.50) 

across these same broad spiking units (putative pyramidal neurons). Moreover, we observed 

normal visually evoked responses in Kalrn-PT mice (i.e., no genotype main effects in any layer, 

see e.g., Fig. 8A vs 8C).  

Stimulus specific adaptation – reduced responses to repeated stimuli of the same 

orientation, relative to the control run – was also not altered in any layer in Kalrn-PT mice 

(Supplemental Fig. 3). Previous reports suggest that deviance detection, not stimulus-specific 

adaptation, is the component of mismatch negativity altered in schizophrenia, suggesting that 

Kalrn-PT mice model the specific mismatch deficits common in the disorder (Koshiyama et al. 

2020). 

Further, narrow spiking units (putative parvalbumin interneurons) did not exhibit 

dramatic deviance detection in either group and were not grossly altered in firing rate or feature 

selectivity in any layer (p > 0.05, data not shown).  

In summary, just as dendritic length was decreased in Kalrn-PT mice specifically in layer 

2/3, we found that neural deviance detection – which is adolescent emergent and computed in 

layer 2/3 – was abolished in Kalrn-PT mice, and confirmed that this altered activity was specific 

to layer 2/3 neurons. This was against the backdrop of otherwise typical visual processing, 
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suggesting that basic properties are spared in this model while more complex and emergent 

aspects of sensory processing are affected.  

3.4 Discussion 

In complex, polygenic, and polyetiological diseases like schizophrenia, targeted study of 

limited (but well-delineated) genetic/molecular risk states in mouse models can isolate 

convergence points and upstream mechanisms for precision psychiatry. The data presented here 

illustrate how a missense mutation – a naturally occurring Kalrn variant – can lead to coinciding 

functional and structural neuropathology, specifically in visual cortex, an often-overlooked site 

in translational work despite its relevance in early schizophrenia (Urban et al. 2008; Hoftman et 

al. 2018; Silverstein et al. 2021; Schwarzer et al. 2022)  

While Kalrn-PT is not a highly penetrant risk gene for schizophrenia, several studies 

support a broader role for the KALRN-dependent regulation of RhoA or related pathways in 

schizophrenia pathology (Tanaka and Yamada 2023). For example, elevated Kal9 levels in 

sensory cortex (which lead to reduced dendritic arbors in vitro) were observed in 77% of 

individuals with schizophrenia in one cohort (Deo et al. 2012). In a separate cohort with 

psychiatric disorders, multiple molecular signatures of RhoA overactivation (e.g., increased 

PDZ-RhoGEF, increased phospho-cofilin) were observed postmortem in dorsolateral prefrontal 

cortex (Kermath, Vanderplow, and Cahill 2020). Decreased actin polymerization (i.e., F-actin 

ratio) and altered expression profiles of other related genes (e.g., GTPases, GEFs, and myelin-

associated inhibitors (MAIs)) have also been reported (Bhambhvani et al. 2017; Shelton et al. 

2015; Hill, Hashimoto, and Lewis 2006).  
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Related genetic mutations further implicate KALRN-related pathways in the etiology(ies) 

of psychiatric disorders. In addition to the KALRN-PT mutation identified in a Japanese 

population, private damaging KALRN mutations were also associated with schizophrenia in a 

cohort of Xhosa individuals, a southern African population with high genetic diversity (Kushima 

et al. 2012; Gulsuner et al. 2020). Mutations in TRIO, a paralog of KALRN, and 16p11.2 copy 

number variants are both among the most penetrant genetic risk factors for schizophrenia, and 

are implicated in cytoskeletal pathways such as RhoA regulation (Lin et al. 2015; Singh et al. 

2022; Grubisha et al. 2022). Specifically, a bipolar disorder-linked mutation in the second GEF 

domain of TRIO, homologous to the second GEF domain in KALRN, was found to confer RhoA 

gain of function much like KALRN-PT (Katrancha et al. 2017). Mutations in several other 

cytoskeletal regulatory genes (GTPases, GEFs, and MAIs) were also significantly associated 

with schizophrenia risk in the recent large-scale analysis from the SCHEMA consortium (Singh 

et al. 2022; Trubetskoy et al. 2022). 

The impacts we identified downstream of Kalrn-PT may therefore represent phenotypes 

driven by multiple possible dysregulators of RhoA or cell structure broadly. Given that in vitro 

evidence indicates an overactivation of RhoA by Kalrn-PT (with no effect on Rac1), RhoA gain 

of function presents a plausible molecular mechanism linking morphological and functional 

alterations. Nonetheless, future work should aim to verify the impacts of RhoA dysregulation on 

mismatch responses through i) RhoA inhibition in Kalrn-PT mice and/or ii) similar testing in 

other mouse models of RhoA dysregulation (e.g., (Ishchenko et al. 2025; Sekiguchi et al. 2020)) 

to determine whether the co-occurrence of dendrite structure and mismatch response deficits can 

be directly attributed to RhoA overactivation as a phenotypic convergence point. 
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One advantage of the Kalrn mutation employed in this study lies in the spatially restricted 

phenotypes observed. Along with our past work in the auditory domain, we report that altered 

structure and function in Kalrn-PT mice is primarily observed in supragranular neurons, which 

may sit upstream of other impacted brain regions in schizophrenia. Supragranular neurons, which 

have been dubbed “comparators of top-down and bottom-up input,” underlie important 

perceptual functions, including context processing (i.e., deviance detection) and sensorimotor 

integration (Jordan and Keller 2020). Interestingly, cortical Kalrn expression skews towards 

supragranular cortical layers and glutamatergic neurons, providing an early mechanistic 

explanation for the spatially restricted phenotypes observed in Kalrn-PT mice (Tasic et al. 2016; 

Madrigal et al. 2026; Lein et al. 2007). 

Clinical and preclinical studies often focus on superficial layers without taking measures 

from other layers, making it difficult to identify which phenotypes are restricted to these layers. 

Our data show a single genetic mutation capable of recapitulating multiple schizophrenia-

relevant phenotypes specifically in upper cortical layers. These layer-specific phenotypes offer 

an important site of convergence, within or across clinical subtypes. Further clarifying the 

laminar specificity of phenotypes or even biotypes may direct the development of improved 

therapeutics. 

Previously, we established a developmental trajectory of dendritic regression in A1 

across adolescence in Kalrn-PT mice (Grubisha et al. 2021). We found that deviance detection 

responses were heavily reduced in Kalrn-PT mice, suggesting a potential interaction between 

typical functional development in adolescence (i.e., the development of deviance detection) and 

dysregulated cell morphology in development. In line with this and in contrast to WT 

development, we found no significant differences in visual deviance detection between pre-
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adolescent and adult Kalrn-PT mice (Supplemental Fig. 4). This “reductionist” approach 

utilizing a single point mutation allows for a firmer, though of course not definitive, 

understanding of how typical adolescent development of cortical function relies on appropriate 

Kalrn function and, potentially, appropriate dendritic arborization.   

More broadly, our results suggest that Kalrn-PT mice exhibit deficits in cortical 

integration reliant on higher-order feedback. Given the reliance of deviance detection on 

prefrontal input, we investigated the integrity of front-visual circuitry in Kalrn-PT mice (Hamm 

et al. 2021). We report a reduction in peak fronto-visual synchrony in these mice, implying 

blunted interregional signal integration. Our past work indicates that ACa activity drives this 

theta-band peak in synchrony, suggesting that V1 integration of top-down inputs may be 

impaired in Kalrn-PT mice (Bastos et al. 2023). On the other hand, Kalrn-PT mice do not exhibit 

broader sensory cortical processing deficits as typical firing rates and orientation selectivity were 

observed in these mice (Fig. 8Q, 7R). 

These functional deficits may also be limited to cortical computations. We found no 

genotype differences in stimulus-specific adaptation (Supplemental Fig. 3), a repetition 

suppression signal inherited from the thalamus. Moreover, the lack of change in orientation 

selectivity (Fig. 8R), which is partially present in the thalamus in mice, further supports this 

notion (Scholl et al. 2013). These findings concur with our past data showing aberrant gap pre-

pulse inhibition responses but typical noise pre-pulse inhibition responses in Kalrn-PT mice, 

indicating impaired cortical auditory processing and intact subcortical auditory processing, 

respectively (Grubisha et al. 2021). 
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While gross neuroanatomical changes and mismatch negativity have been correlated in 

individuals with schizophrenia (Salisbury et al. 2007; Rasser et al. 2011; Curtis, Coffman, and 

Salisbury 2021), to our knowledge, we are the first to show a genetic link between dendritic 

morphology and deviance detection. Other studies have identified altered auditory oddball 

responses in mice missing one or both alleles for a gene relevant to neuronal structure broadly 

(Akap11 (Herzog et al. 2023), Src (Ward et al. 2019), and Nrg1 (Ehrlichman et al. 2009); 

however, none of these distinguished between (subcortically emergent) stimulus-specific 

adaptation and (cortically emergent) deviance detection. 

This study specifically connects co-occurring structural and function phenotypes via the 

Kalrn-PT mutation. However, more direct mediators relating dendritic reductions and deviance 

detection are likely and worth further investigation. Beyond the tenable role for RhoA 

dysregulation noted above, it is feasible that reported alterations in supragranular pyramidal 

arbors can act as an immediate substrate for the loss of deviance detection and fronto-visual 

synchrony, as the extent of dendritic arbors can directly influence dendritic integration (Branco 

and Häusser 2011). Regardless of the direct mediators, our results suggest that typical Kalrn 

functioning is necessary to compute typical mismatch responses in supragranular pyramidal 

neurons and advances efforts to disentangle the specific site of convergence (i.e., the farthest 

downstream effect that will suffice to generate these phenotypes) for these two highly replicated 

phenotypes. 

Altogether, our data map a disruption of Kalrn onto a circumscribed set of coinciding 

disease features, supporting a relationship between dendritic arborization and sensory mismatch 

responses, particularly in superficial cortical layers. While additional work is needed to clarify 

the precise intermediate mechanisms linking RhoA, dendritic deficits, and reduced mismatch 
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responses, our findings present foundational evidence linking these phenotypes and underscore 

the value of the Kalrn-PT model – and other rare genetic variants – for investigating how certain 

phenotypes functionally connect in disease populations by cutting through the “noise” of clinical 

heterogeneity. 

 The chapter above represents a full manuscript for which I (Anna Rader Groves) am first 

author with the following co-authors: Connor G. Gallimore, Valentina J. Sutton, Jordan M. 

Ross, Robert A. Sweet, Melanie J. Grubisha, Jordan P. Hamm.  



63 

4 INNERVATION AND ACTIVITY PROFILES OF TOP-DOWN INPUT TO V1 

SHIFT IN ADOLESCENCE  

4.1 Introduction 

The mammalian neocortex exhibits protracted development well into the postnatal period. 

In particular, prefrontal cortex and prefrontal cortex-dependent cognitive functions markedly 

mature during adolescence (Kolk and Rakic 2022). Within prefrontal areas, previous research 

has enumerated several cellular and molecular changes (e.g., gene expression, cell density, 

neuromodulation, synaptic strength, and spine density) across adolescence (Caballero, Granberg, 

and Tseng 2016; Juraska 2024; Klune, Jin, and DeNardo 2021; Klinger et al. 2026; Kolb et al. 

2012; Mallya et al. 2019). In contrast, the development of feedback projections from prefrontal 

areas have received considerably less attention (Klune, Jin, and DeNardo 2021; Nabel et al. 

2020). 

 Signal processing in primary visual cortex (V1) involves the integration of feedforward 

inputs from the retinogeniculate pathway with feedback – or “top-down” – modulation via 

projections from prefrontal regions, including the anterior cingulate (ACa), secondary motor 

(M2), and orbitofrontal (ORB) cortices (Leinweber et al. 2017; Ährlund-Richter et al. 2026; Yao 

et al. 2023). This fronto-visual circuitry underlies a range of important higher-order visual 

processes, such as visual attention, visual discrimination, visuomotor behavior, and visual 

context processing (Koike et al. 2016; Bussey et al. 1997; Leinweber et al. 2017; Hamm et al. 

2021). Moreover, top-down influence in visual processing is disrupted across several behavioral 

and psychiatric disorders, suggesting pathological aberrations in neocortical feedback pathways 

(Roiser et al. 2013; Geljic et al. 2025; Knight et al. 2023; Curtin et al. 2019).  
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Given the continued development of prefrontal regions through adolescence and the 

importance of their feedback projections for key brain functions, the adolescent development of 

top-down fronto-visual projections presents an area ripe for exploration. Thus, we sought to 

investigate whether and how inputs to V1 from higher-order regions continue to develop during 

adolescence. Beyond the well-accepted principle that prefrontal regions themselves develop 

during this period (Juraska and Drzewiecki 2020), this study is grounded in and framed by 

several distinct lines of evidence. 

First, Nabel and Garkun et al. showed that V1-projecting neurons in ACa decrease in 

spontaneous activity from adolescence (~postnatal day (P)36) to adulthood (~P79) (Nabel et al. 

2020). This shift suggests that the upstream source of prefrontal input (i.e., somatic activity) 

develops in adolescence, although how axonal output to V1 is influenced by this change cannot 

be determined from their results. 

Additionally, recent evidence from Ibrahim et al. demonstrated increased input to V1 layer 

1 from ACa/M2 and retrosplenial cortex (RSP; a higher-order associative area) between the 

juvenile period (~P15) and mid-adolescence (~P45) (Ibrahim et al. 2021). Moreover, this study 

points to a shift in ACa innervation from a more even distribution of input across V1 layers 

during the juvenile period to a more stratified innervation profile concentrated to layers 1 and 6 

by mid-adolescence; however, this shift was not quantified. Together, these data suggest that 

ACa innervation of V1 continues to mature past the early postnatal period. However, it remains 

unknown the extent to which these changes occur in the adolescent period (i.e., after ~P30) and 

how they compare to ACa-V1 projections in adulthood. 
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Finally, we recently demonstrated that a prefrontal-dependent feature of V1 — deviance 

detection — emerges during adolescence alongside increases in ACa-V1 synchrony (Rader 

Groves et al. 2025). Deviance detection, an enhanced V1 response to contextually unexpected 

stimuli, is a signature of visual context processing that is i) eliminated during suppression of ACa 

(i.e., prefrontal-dependent), ii) develops during adolescence, and iii) is computed in V1 (Bastos 

et al. 2023; Hamm et al. 2021). Given these three criteria, visual context processing, by way of 

deviance detection, represents a candidate function potentially shaped by developing top-down 

input in adolescence (note: other complex visual processes may also be influenced by developing 

prefrontal input, but the extent to which they meet all three criteria listed here has not been 

established). Investigating how fronto-visual input develops in adolescence thus presents a key 

step to understanding the broader developmental mechanisms underlying such higher-order 

visual processes. 

In light of these observations, we hypothesize that top-down input to V1 undergoes 

laminar stratification and pruning during adolescence. Here, we test this hypothesis using 

anatomical and functional measures of higher-order input in V1, measuring axonal input density 

and ongoing axonal activity at the onset of adolescence (P31-32) and in adulthood (>P80). We 

focused on input sourced from ACa and M2 (also referred to as “medial top-down input”; see 

Methods and Discussion for additional details), as these regions comprise the greatest source of 

prefrontal input to V1 and have been shown to influence higher-order visual processing (Hamm 

et al. 2021; Leinweber et al. 2017; Ibrahim et al. 2021). We show that, compared to peri-

adolescents, ACa/M2-seeded projections decrease specifically in layer 1 V1and exhibit less 

heterogenous activity in adults. Together, these findings suggest that medial prefrontal top-down 

inputs – likely weakly active axons – to layer 1 are pruned during adolescence and remaining 
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inputs may undergo further maturation. Further investigation is needed to elucidate the 

mechanisms by which this shift in input influences V1 functions such as deviance detection. 

4.2 Methods 

All experiments were conducted under the supervision of the Georgia State University 

Department of Animal Resources and approved via the Georgia State University Institutional 

Animal Care and Use Committee (IACUC). 

4.2.1 Animals 

Mice were grouped by age for experiments: peri-adolescent (postnatal day (P)31-P32 at 

time of data collection) and adult (P80-P161 at time of data collection). All mice were on a 

C57BL/6 background; strains were selected based on availability and included SST-cre, VIP-cre, 

CAMKIIa-creERT, floxed-tdTomato, and homozygous-negative floxed GCaMP. All animals 

were weaned between P21 and P25. Mice in the peri-adolescent group were weaned at the time 

of surgery (P21 or P22). Cages housed one to five mice of the same sex. Mice were kept in a 12-

hour light/dark cycle with food and water available ad libitum. 

4.2.2 Surgery and Training 

Stereotaxic virus injection and cranial windowing surgeries were conducted as previously 

described (Hamm et al. 2021). Ten days prior to data collection, mice were anesthetized with 

isoflurane (~2.5-3%, maintained at ~0.8%) and AAV9-CAMKII-GCAMP6s (Addgene #107790; 

150nl and 110nl for adult and peri-adolescent groups, respectively; based on (Arruda-Carvalho et 

al. 2017)) was injected at 50nl per minute at the following coordinates relative to bregma: 

0.98mm anterior, 0.2mm bilaterally, 0.9mm ventral (from brain surface) for the adult group; 

0.88mm anterior, 0.2mm bilaterally, 0.82mm ventral (from brain surface) for the peri-adolescent 
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group. A 3-mm cranial window was then drilled over left V1 (2.92mm posterior to bregma, 2mm 

lateral) and a circular glass coverslip was placed directly on the exposed brain surface. When 

possible, dura was removed for clearer in vivo imaging. A titanium headplate was secured 

directly to the skull to allow for head-fixation during imaging. In one case (an adult), the 

craniotomy was redone on the day of recording; no obvious differences in data quality were 

observed. All mice were provided peri- and post-operative pain medication.  

Animals underwent three days of head-fix training, during which mice were placed on a 

manual treadmill and the headplate was secured to the experimental rig. These training sessions 

increased progressively in length to improve tolerability and comfort, and random black and 

white square-wave gratings (i.e., many-standards sequence, see Two-photon imaging below) 

were shown to habituate mice to the experimental setting. 

4.2.3 Histology 

Tissue processing. On the same day calcium imaging occurred (see section 4.2.4 below), 

mice were terminally anaesthetized using urethane and transcardially perfused with 4% 

paraformaldehyde. Brains were extracted, kept in 4% paraformaldehyde overnight, and then 

moved to 30% sucrose for cryoprotection during sectioning. Brains were then coronally 

sectioned at 50µm, with every third section containing V1 placed free-floating in phosphate-

buffered solution (PBS) for immunohistochemical amplification of GFP signal. Sections 

containing ACa/M2 were mounted for confirmation imaging. 

To amplify signal from labelled projections, we carried out GFP amplification via 

immunohistochemistry (IHC) on a series of sections containing V1. In brief, sections were 

washed in PBS 5 times and moved to a blocking buffer (5% normal donkey serum and 0.2% 
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bovine serum albumin in 0.4% PBS-TritonX) for one hour to reduce background. Sections were 

incubated in primary antibody (1:5000 chicken anti-GFP in blocking buffer, ab13970) overnight 

at room temperature. Tissue was then washed in PBS, incubated in secondary antibody (1:600 

goat anti-chicken 488 in 0.4% PBS-TritonX, ab150169) for two hours, then washed again before 

mounting with a DAPI mounting medium (Vector Laboratories) for imaging. 

Imaging and registration. Prefrontal virus injection sites were imaged under fluorescence 

(GFP) and brightfield using a 1.25x objective on a Leica DM6 B microscope. V1-containing 

sections were imaged for DAPI and GFP (FITC), tiling the entire slide at 20x (0.5µm/pixel) 

using the Vectra Polaris multispectral imaging system through the Winship Cancer Tissue and 

Pathology Shared Resource at Emory University. V1 images were downsampled to 1µm/pixel.  

All imaged sections were registered using the Aligning Big Brains & Atlases (ABBA) 

FIJI plug-in to estimate region boundaries for ACa, M2, and primary motor cortex, or V1, and to 

approximate anterior/posterior position for each section (Chiaruttini et al. 2025). The estimated 

region annotations from ABBA were imported along with section images into QuPath (Bankhead 

et al. 2017), and regions of interest (i.e., ACa/M2 or V1) were adjusted as needed to ensure 

border alignment with the pial surface.   

For sections with virus injection sites, pixel intensity in both hemispheres was measured 

from dorsal ACa (ACAd), ventral ACa (ACAv), M2, and primary motor cortex, then baseline-

adjusted by subtracting the mean intensity from a reference region with negligible viral signal 

(dorsal endopiriform nucleus) for each section. Pixels were thresholded and viral spread volume 

at injection site (i.e., the area under the curve of thresholded pixel area plotted across sections) 

was estimated for all four regions and for each hemisphere. To ensure a minimum level of 
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transduction, animals included surpassed a minimum cutoff (approximately 0.5mm3) for 

estimated viral spread in the right hemisphere, as our axon labelling analyses focus on right V1. 

Notably, our lab has previously observed ~85-90% of ACa inputs to V1 are ipsilateral, and this 

pattern (ipsilateral >> contralateral) has been observed by others in ACa and M2 (Yao et al. 

2023). Animals were approximately matched between ages by estimated viral spread, proportion 

of virus across target regions, and hemispheric differences. For each animal, at least ~1/3 of viral 

spread in target regions was found in ACAd and at least ~1/3 in M2 (see Fig. 9B for mean 

proportion by age). Minimal spread (15% or less per animal) was identified in primary motor 

cortex; however, this region represents a negligible source of input to V1 (Yao et al. 2023), and 

all animals exceeded the minimum cutoff when excluding spread in this primary motor cortex. 

For our primary analysis in V1, we identified one section per animal matched by position 

along the anterior/posterior axis (see Fig. 9C) and similarly measured pixel intensity across right 

V1. These measures were also baseline subtracted, using the dentate gyrus (polymorph layer) as 

reference region for baseline subtraction, providing “baseline-adjusted” intensity values. Pixels 

containing fluorescence from identified cell bodies (see note below) or autofluorescent artifact 

near vasculature due to perfusion quality were removed for analysis.       

 A note on interpretation: AAV9, the anterograde tracer used here, has been shown to 

spread transsynaptically, and thus, labelled axons in V1 represent ACa/M2 axons and sources of 

input intermediate in the ACa/M2 -> V1 circuit, referred to here as “medial top-down” or 

“ACa/M2-seeded” input. Qualitatively, the major source of cell bodies remains ACa/M2; 

however, RSP areas, another higher-order area interconnected with ACa/M2 and V1 as part of a 

medial subnetwork (Zingg et al. 2014), exhibited cell body labelling in every animal to a lesser 

extent (as can be seen in Fig. 9C). Very sparse labelling of cell bodies was identified in V1 and 
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pixels containing fluorescent cell bodies in V1 were removed. See Discussion for additional 

comment. 

Statistical analysis. Linear mixed effects models were used to investigate how age 

influences ACa/M2-seeded input across cortical depth and layers (n=5 peri-adolescent animals, 

n=6 adult animals). Age and either layer (categorical) or cortical depth (as a proportion of 

cortical thickness, 10% increments, or in µm, as specified) were included as fixed effects with 

animal and IHC batch as random effects. When using cortical depth, a quadratic term was 

included to better fit the u-shape of the data across the extent of the cortex. V1 cortical layers 

were set by binned proportions (layer 1: 0-11% from pial surface, layer 2/3: 12-36%, layer 4: 37-

50%, layer 5: 50-77%, layer 6: 78-100%) determined by an independent Nissl-stained dataset 

from P28-P29 animals and P84-P85 animals (also used in Chapter 3). Average proportions were 

similar (within 2%) between ages and comparable to previous reports from mouse V1 (Xu et al. 

2016). These analyses were conducted using baseline-adjusted intensity values and max-

normalized baseline-adjusted intensity values, as specified, using the latter as a more targeted 

comparison of input distributions (rather than input amount) and more robust approach against 

potential remaining variability in virus injection levels. For age by layer comparisons, we 

compared estimated marginal means by age for each layer and between layers by age. To assess 

differences in the extent of stratification, we computed the differences in estimated marginal 

means between layers by age, using max-normalized baseline-adjusted mean intensity (as this 

preserves intensity distribution). Estimated marginal means comparisons were corrected using a 

Bonferroni adjustment. All t and F statistics were derived from linear mixed effects models with 

Wald t tests and Type III ANOVA F tests, respectively, using lmerTest and emmeans packages 

in R (Lenth and Piaskowski 2026; Kuznetsova, Brockhoff, and Christensen 2017). 
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4.2.4 Axonal Calcium Imaging and Analysis 

Two-photon imaging. Ten days after virus injection and cranial windowing, calcium 

activity (i.e., GCaMP signal) from ACa/M2-seeded projections was imaged in V1 using two-

photon microscopy (28 Hz framerate, Bruker Investigator laser scanning microscope, Bruker 

Corporation) excited by a laser (Chameleon Ultra II, Coherent Inc) tuned to 940nm, as 

previously described (Bastos et al. 2023). Scanning and image acquisition were controlled by 

Prairie View software (resonant galvo, 256x256 pixels), and time-series recordings were taken 

within 300µm of the pial surface. During recordings, animals were awake and head-fixed on a 

manual treadmill. Locomotion was recorded via a photodarlington sensor attached to the 

treadmill (1kHz sampling). Frame periods during bouts of locomotion (±3 sec) were removed for 

analysis.  

 A flat LCD screen was positioned at a 45° angle from the animal’s right eye for visual 

stimulation. Full-field, black and white, sinusoidal moving gratings (2 cycles/second) were 

presented at 100% contrast during recordings for 500ms each, with 500-550ms inter-stimulus 

intervals (grey background). Animals were shown three phases of visual stimulation: (1) a many-

standards control sequence, during which eight different orientations were presented in random 

order (22.5°, 45°, 67.5°, 90°, 112.5°, 135°, 157.5°, and 180°) for 250 trials, (2) an oddball 

sequence, during which one orientation (A) was repeatedly presented (0.875 probability) and 

randomly interrupted with the orthogonal orientation (B; 0.125 probability) for 125 trials, and (3) 

an oddball-flip sequence, which followed the pattern of the oddball sequence with flipped 

orientations (i.e., orientation (A) is unlikely and orientation (B) is likely) for 125 trials). 

Recordings analyzed here examined ongoing activity across phases. Frames from the first five 

seconds of each phase were removed to avoid arousal effects from the start of each sequence. 
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When applicable (i.e., Fig. 10F-I), data were normalized within ROI and phase to account for 

drift as phase order was maintained across animals (although effects did not vary if normalized 

across entire recording). The effects reported here did not vary when analyzing only the many-

standards phase (phase 1) or oddball phases (phase 2/3), nor when analyzing only interstimulus 

intervals. 

ROI processing. Two-photon recordings were corrected for motion using the “moco” 

plugin in FIJI (Dubbs, Guevara, and Yuste 2016) and downsampled to 9.4 Hz to improve signal 

to noise ratios. Activity of axonal segments or boutons (henceforth, “ROIs”) were semi-manually 

scored using custom MATLAB scripts, as previously described (Hamm et al. 2021, 2017). 

Briefly, ROIs were manually selected through a GUI in MATLAB using the z-projected average 

and standard deviation of image frames for reference. A PCA was performed on the selected ROI 

and average fluorescence was plotted across pixels with weights at least 80% of the maximum of 

the first PCA component to verify calcium transients. ROIs with no apparent transients were 

excluded from further analysis. Halo subtraction was performed to remove fluorescence from 

nearby ROIs. To avoid analyzing ROIs arising from the same axonal branch, ROI pairs with 

correlations for which r ≥ 0.5 were visually inspected, and the less active ROI was removed if 

suspected to be from the same branch. Fluorescence traces were deconvolved and the estimated 

spike rates then filtered with a 3-frame window Gaussian smooth. 251 ROIs from 5 peri-

adolescence animals and 279 ROIs from 5 adult animals were used in analysis.  

Analysis. Within ROI (across frames), we computed the standard deviation relative to a 

peak fluorescence threshold (90th percentile value) and the coefficient of variation (CV) of peak 

activity (standard deviation of the top 10% of the distribution divided by the mean of the top 

10% of the distribution). A peak activity threshold was used over other values for normalization 



73 

values (e.g., mean) to account for sparse activity; pattern of effects observed was similar at other 

peak percentiles (92nd, 95th). These metrics were calculated over 600 frames randomly sampled 

without replacement (or, for the CV of peak activity, the top 10% of the subsampled 600 frames) 

and averaged over 100 iterations, to account for differences in available frame number after 

removing locomotion frames. Significant differences were not driven by independent variation in 

either constituent measure. 

To assess differences in axonal activity within populations, the distribution of ROI 

activity levels were calculated per frame, using either inferred spike estimates (non-normalized; 

Fig. 10E) or z-scored activity (Fig. 10F).  

 Finally, ROI activity was max-normalized (per ROI and phase), and null distributions of 

population activity (summed max-normalized activity) were generated by independently 

shuffling frames within ROI (n=10000 permutations; computed per phase to account for drift). 

“High population activity” frames were determined as frames with summed activity above the 

95th percentile of the null distribution. For each high population activity frame, we calculated the 

Gini coefficient and recruitment percentage (proportion of ROIs with activity equal to or greater 

than 25% of its max by phase). To compute the Gini coefficient for a given frame, ROIs were 

ranked in ascending order and multiplied by their rank order, then added together to form a rank-

weighted sum. This rank-weighted sum (multiplied by two) was then divided by the product of 

the number of ROIs (n) and the sum of the unweighted activity across ROIs. (n+1)/n was then 

subtracted from this value to yield the Gini coefficient (bounded between 0 and 1), with higher 

values indicating greater inequality in ROI contributions to the sum of the frame’s activity. 
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 Statistical comparisons were conducted using Welch’s t-tests in MATLAB, with animal 

as unit of analysis (n=5 animals per age group). To compare proportions of ROIs by activity 

level between age groups (Fig. 10F), a permutation test on the sum of squared mean differences 

was used, computed across the strongly active and weakly active/silent categories (the 

moderately active category was excluded as it is fully determined by the other two proportions).  

4.3 Results 

 

Figure 9: Top-down projections to V1 layer 1 decrease over adolescence. A) Image of 

bilateral GCaMP injection site at ACa/M2 (left). Sections were registered using the Aligning Big 

Brains & Atlas (ABBA) FIJI plug-in to define regions (right). Target regions are outlined in 

yellow. B) The distribution of viral spread across target injection regions projecting to V1, 

averaged across animals by age group. C) Representative images of V1 (indicated by the red 

dashed box and enlarged in the inset) from a peri-adolescent (left) and adult (right) with labelled 

top-down (i.e., ACa/M2-seeded) projections. D) Mean pixel intensity (baseline-subtracted) by 

percent of V1 cortical depth by age. E) Mean pixel intensity (baseline-subtracted) by age and 

putative layer. F) Differences in pixel density (pixels above threshold/total pixels) at different 

thresholds (y-axis) along the dorsal-ventral extent of V1 (x-axis), using baseline-adjusted pixel 

intensities. Brown and blue indicate greater pixel density in peri-adolescent and adult animals, 

respectively. Black indicates intensity threshold only exceeded by pixels from the peri-adolescent 

mean, while grey indicates intensity threshold only exceeded by pixels from the adult mean. 

*indicates p < 0.01. Error bars show standard error of the mean (SEM). 
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4.3.1 Top-down cortical projections to V1 layer 1 are refined during adolescence 

 To investigate how the architecture of top-down projections to V1 differs before and after 

adolescence, we injected an anterograde transsynaptic tracer under a neuron-specific promoter 

(AAV9-CAMKII-GCaMP) in ACa/M2 (Fig. 9A-B), the major source of prefrontal input to V1 

(Froudarakis et al. 2019; S. Zhang et al. 2014), and compared labelled projections in V1 at the 

start of adolescence (peri-adolescence, P31-P32, n = 5 animals) and in adulthood (>P80, n = 6 

animals; Fig. 9C). Using linear mixed effects model analyses, we found a main effect of layer on 

top-down projection labelling (i.e., baseline-adjusted mean pixel intensity; F(4,36)=47.646, p < 

0.001), replicating laminar differences well-established in adult V1 (Liu et al. 2024; S. Zhang et 

al. 2014). A significant age-by-layer interaction (F(4,36)=8.957, p < 0.001) but no main effect of 

age (F(1, 6.07)=0.500, p=0.506) was identified, suggesting that differences in top-down 

innervation before and after adolescence occur as a function of layer. Analyses were repeated 

with percentage of cortical depth in place of layer, which indicated the same pattern of effects 

(Fig. 9D, Supplemental Fig. 1; t(95)=4.77, p < 0.001). 

We next compared estimated marginal means between ages for each layer to explore the 

layer(s) and direction of this effect. The comparison revealed significantly higher mean intensity 

in layer 1 among peri-adolescent animals compared to adults (t(16.2)= -4.092, p=0.004, 

Bonferroni-corrected; Fig. 9E) but no age differences in deeper layers (t < |2|, p>0.05 for all). 

Although this decrease in mean pixel intensity may reflect a reduction in ACa/M2-seeded 

input to layer 1, an increase in V1 cortical thickness across adolescence could alternatively 

explain this difference. To tease apart these explanations, we evaluated i) differences in mean 

pixel intensity by raw depth from the pial surface (rather than percentage) and ii) V1 cortical 

thickness in our samples. The comparison of mean intensity by raw depth revealed the same 
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pattern of significant effects in an omnibus linear mixed effects model analysis (t > |2|, p<0.001 

for main effect of depth and age-by-depth interaction) and in a comparison of estimated marginal 

means between ages for the superficial 100µm (t(17)= -4.036, p=0.006, Bonferroni-adjusted), 

suggesting that the observed decrease during adolescence is not due to compression of signal in 

peri-adolescent V1. Moreover, among the sections analyzed, V1 in peri-adolescent mice was 

slightly thicker on average than in adult mice (peri-adolescent mean: 718.26µm, adult mean: 

667.60µm), although this difference was not statistically significant (t(5.26)= -1.538, p=0.182). 

Thus, the reduction in mean pixel intensity within layer 1 appears to reflect a loss of input rather 

than an increase in V1 thickness. 

 While we were able to control for variability to some extent with our linear mixed effects 

modeling approach (i.e., IHC batch) and baseline adjustments (i.e., autofluorescence), potential 

sources of variability remain (e.g., variability in viral transduction and expression levels). To 

confirm the differences observed were not driven by unrelated variability and to specifically 

investigate whether the pattern of medial top-down input differs across adolescence, we repeated 

these analyses with max-normalized data, preserving the relative distribution of intensity across 

layers while removing information about absolute intensity differences.  

The omnibus linear mixed model analysis again revealed a main effect of layer (F(4, 

36)=60.413, p < 0.001), but not age (F(1, 6.04)=0.241, p=0.641), and a significant layer-by-age 

interaction effect (F(4,36)=7.12, p < 0.001), indicating that these effects reflect differences in the 

distribution of innervation between ages independent of intensity scale.  

When comparing adjacent layers within age, a significant relative decrease in (max-

normalized) intensity was observed from layer 1 to layer 2/3 in both ages (p<0.001, t(36)=7.052 
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for adults, t(36)=11.435 for peri-adolescents, Bonferroni-corrected), consistent with the main 

effect of layer in the omnibus test. Interestingly, a significant increase in mean intensity from 

layer 5 to layer 6 was observed in peri-adolescents (t(36)= -2.97, p=0.021), but not in adults 

(t(36)= -1.553, p=0.5171), though the mean intensity change from layer 5 to layer 6 did not 

significantly differ between ages when comparing the extent of stratification (below; 

Supplemental Fig. 2 for plots of putative layer 6a and 6b intensity by age). 

We next asked: does the disparity in top-down projections to layer 1 versus deeper layers 

differ across adolescence? We found that the difference between layer 1 and every other layer 

was greater in peri-adolescents compared to adults (compared to lay2/3: t(36)= -3.69, p=0.007; 

lay4: t(36)= -4.84, p < 0.001; lay5: t(36)= -4.23, p=0.002, lay6: t(36)= -3.080, p=0.040; 

Bonferroni-corrected), suggesting that medial top-down input becomes less stratified between 

adolescence-onset and adulthood, in contrast to earlier development (Ibrahim et al. 2021).  

While statistical tests focused on mean pixel intensity as the level of innervation, Fig. 9F 

shows the differences in labelled projection density as a function of minimum intensity threshold 

for defining positive signal (i.e., how bright must a pixel be to constitute “input”?). This plot 

illustrates a higher level of input density in superficial and, to a lesser extent, deep V1 in peri-

adolescent animals at most intensity thresholds, mirroring the mean pixel intensity results. 

Altogether, the data presented here suggest that ACa/M2-seeded input to V1 decreases in layer 1 

during adolescence.  

4.3.2 Top-down input is less variable after adolescence 

To characterize whether and how medial top-down input to V1 functionally matures over 

adolescence, we employed two-photon microscopy to record ongoing activity of axonal 



78 

boutons/segments (ROIs) from ACa/M2-seeded projections in V1 during visual stimulation (Fig. 

10A-B). Ongoing ROI activity was compared between ages (n=530 ROIs total, n=5 animals per 

age) i) within ROI and ii) within frame during overall and peak activity to generate an overview 

of activity profiles before and after adolescence. 

For each axonal ROI, we measured ongoing variability by normalizing the standard 

deviation of activity to the ROI’s 90th percentile value (rather than mean, to avoid very low 

means in sparsely active data), across 600 randomly sampled frames, averaged over 100 

iterations. This normalized variability metric was significantly lower in the adult group 

compared to the peri-adolescent group (Fig. 10C; t(7.0)=2.777, p=0.0273), suggesting that these 

axons’ activity becomes more stable in adulthood compared to peri-adolescence.  

To assess whether this difference in variability persists during high activity, we compared 

the coefficients of variation for the top 10% of activity, again subsampling 600 frames per 

iteration over 100 iterations. Consistent with the normalized variability metric, we found a 

significant decrease in the coefficient of variation (CV) for peak activity from peri-adolescence 

to adulthood (Fig. 10D, t(8.0)=2.626, p=0.0304).  
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Figure 10: Top-down projections exhibit greater rates of activity and reliability during 

adolescence. A) GCaMP expression in medial top-down axons in superficial V1 (average z-

projected) during two-photon imaging. B) Time-locked example traces across three axonal ROIs. 

C) Mean (±SEM) overall variability normalized to a high activity threshold (standard deviation / 

90th percentile activity) within axonal ROI by age. Animal means are overlaid as circles. D) 

Mean (±SEM) variability of peak activity (coefficient of variation among top 10% of active 

frames) within axonal ROI by age. Animal means are overlaid as circles. E) Distribution of 

silent ROI fraction per frame (silent ROI defined as spike probability = 0 during a given frame). 

F) Proportion of ROIs by Z-scored activity level per frame. G) An example of “high population 

activity” frames (black dots) for one animal; plot shows the sum of max-normalized activity 

across ROIs per frame. Red dashed line indicates the threshold for “high population activity” 

frames computed as the 95th percentile of the permuted null distribution (10000 permutations; 

frames shuffled independently per ROI). Tan bars indicate frame periods excluded due to 

locomotion. H) Mean (±SEM) Gini coefficient by age, overlaid with animal means, from “high 

population activity” frames. Lower Gini coefficients indicate more equal activity distribution 

across ROIs; coefficients are bounded between 0 and 1. I) Relationship between Gini coefficient 

(data from H) and recruitment % (i.e., the proportion of ROIs in the frame with activity greater 
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than 25% of the ROI’s max). Small circles indicate high population activity frames, and large 

circles indicate animal means. As expected, greater proportions of “active” ROIs correlate with 

lower Gini coefficients. 

While these analyses illustrate how variable activity is in the average axonal ROI, the 

distribution of activity levels between ROIs (i.e., within the population) can provide a broader 

view of input activity to V1. Thus, we evaluated differences in population activity in a) all 

frames and b) “high population activity” frames.  

First, we investigated how activity levels in a population compared between age groups. 

Within a given frame, the proportion of silent ROIs – ROIs for which estimated spiking equals 

zero – was calculated and animal-level means were compared between groups. A non-significant 

trend (t(6.52)=2.154, p=0.0711) suggested fewer silent ROIs per frame in the adult group (Fig. 

10E).  

To gauge the broader spread of population activity levels, ROI activity was z-scored 

(within stimulus phase and ROI) and the per-frame proportion of weakly active (z ≤ 0), 

moderately active (0 < z ≤ 2), and strongly active (z >2) was calculated. Here, the “weakly 

active” category includes silent ROIs and any ROI with activity below the ROI’s mean activity 

level. Permutation testing on the sum of squared differences between age group means revealed a 

difference in per-frame activity proportions between ages (permutation p-value (n=10000) = 

0.0309). Follow-up comparisons to characterize the difference indicated proportionally fewer 

weakly active ROIs in the adult group relative to the peri-adolescent group (t(6.46)=2.522, 

p=0.0425, uncorrected), but no differences in the proportion of strongly active ROIs per frame 

(t(7.29)=0.686, p=0.5137, uncorrected). Interestingly, adults also showed a lower proportion of 

weakly active frames (z ≤ 0) within-ROI (peri-adolescent mean: 70.9% vs adult mean: 65.2%; 



81 

t(6.34)=2.559, p=0.041), consistent with the idea that feedback input is broadly active and less 

sparse following adolescence. 

Finally, we investigated how frames with “high population activity” varied between ages. 

To do so, activity was max-normalized within ROI (and stimulus phase, to account for drift), 

then shuffled independently across frames (within ROI/phase, n = 10000 shuffles) to generate a 

null distribution of summed ROI activity. Frames for which the sum of max-normalized activity 

across ROIs exceeded the 95th percentile of the permuted distribution were considered “high 

population activity” frames (Fig. 10G). The proportion of high-activity frames did not 

significantly differ by age group (t(8)= -0.480, p=0.6438; peri-adolescent mean: 8.41%, adult 

mean: 9.2%), nor did the activity threshold.  

Within high population activity frames, we examined whether ROIs similarly contribute 

to the “high population activity” in each age group, as activity concentrated among fewer ROIs 

would suggest less uniform axonal activity across the population during these timepoints. We 

found that Gini coefficients, a measure of distribution equality, were significantly lower in adult 

high population activity frames, suggesting that axonal input activity becomes less 

heterogeneous during high population activity (i.e., more ROIs are “pulling their weight”) in 

adulthood (Fig. 10H, t(7.88)=2.581, p=0.0330). 

ROI-to-ROI and frame-to-frame correlations among high population activity frames did 

not differ between age groups and were very low (for all means, r < 0.05). This lack of consistent 

correlation across axons and frames suggests that neither group exhibits consistently co-

activating groups of axons nor clear population-level patterns of activity during ongoing periods 

of activity. 
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4.4 Discussion 

Here, we report that ACa/M2 axonal projections to V1 decrease in layer 1 between peri-

adolescents and adults, and these projections exhibit less variability at the individual and 

population level in adults. While visual development is considered largely complete after the 

critical period (by postnatal day [P]28-32 in mice), feedback projections from higher-order 

cortical regions may continue to shape V1 functioning via long-range projections across 

adolescence (Gordon and Stryker 1996; Nabel et al. 2020; Agoglia et al. 2017). Our data support 

the view that weak fronto-visual projections to layer 1 are pruned in adolescence, representing a 

selective refinement of higher order input. Consistent with this notion, adults exhibit increased 

reliability of top-down input activity in superficial V1, which may improve the precision of 

inputs to V1 and establish an efficient fronto-visual circuit for feedback activity. 

The projections studied here represent the feedback circuit seeded in ACa/M2. Our 

transsynaptic tracer (AAV9-CAMKII-GCaMP) labelled axons in V1 from ACa/M2 and from 

neurons that receive ACa/M2 input and project to V1 (as feedback projections), thereby 

encapsulating a broad range of feedback to V1. Cell body labelling downstream of ACa/M2 was 

identified in RSP areas across all animals, but other regions relevant to this feedback circuit, 

such as posterior parietal areas (Ährlund-Richter et al. 2026), did not show strong, consistent 

labelling, although this was not systematically assessed. RSP is densely interconnected with 

ACa, M2, and V1, and contributes to higher-order cognitive and visual processes such as spatial 

memory and context-dependent sensorimotor processing (Morimoto, Uchishiba, and Saleem 

2021; Li et al. 2025; Bech et al. 2025). Importantly, ACa, M2, and RSP have all been shown to 

send modulatory feedback to V1, and, to some extent, are thought to relay predictive feedback, 
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suggesting these inputs collectively represent important projections for fronto-visual modulation 

(Leinweber et al. 2017; Hamm et al. 2021; Timplalexi et al. 2025; Makino and Komiyama 2015). 

To evaluate structural changes in top-down feedback to V1 during adolescence, we 

quantified the mean pixel intensity of fluorescently labelled projection fibers in V1 across layers 

in peri-adolescents and adults. Despite post-hoc injection site confirmations and statistical 

controls, it is possible that comparison of absolute mean intensity levels – our measure of top-

down projections – could still be impeded by variability from viral labelling, which can be 

exacerbated in developmental studies (Stoica et al. 2013). As a secondary analysis more robust to 

methodological variability, we compare max-normalized intensity of labelled projections (i.e., 

signal is scaled as a proportion of the max signal per section) to specifically examine the 

distribution of input across V1, as this should not vary with differences in viral transduction or 

antibody binding. This analysis revealed that the differential input from layer 1 to deeper layers 

decreases between peri-adolescent and adult animals. Given the decrease in layer 1 observed in 

our primary analysis (Fig. 9E), we interpret these results as evidence that medial top-down input 

to layer 1 decreases in adolescence. 

Another possibility is that increases in myelination could alternatively drive differences 

in fluorescence intensity (i.e., by blocking immunolabelling of axons). However, the layer 

specificity of the observed effect makes this explanation less likely as myelination would be 

expected to impact other layers as well and is overall least concentrated in layer 1 (Zi et al. 

2026). Nonetheless, additional investigation would be useful to confirm the observed reductions 

are driven by axonal pruning. 
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Previously, the number of cells projecting to V1 layer 1 – specifically layer 1 

interneurons – was shown to increase in ACa, M2, and RSP following the second postnatal week 

in mice (Ibrahim et al. 2021). In contrast, after the 4th postnatal week, the number of cells 

projecting from ACa to V1 does not appear to change (i.e., between P28 and adulthood;  

unpublished data from our lab from Dr. Jordan Ross), suggesting that, during adolescence, 

changes in input are driven by synaptic pruning and loss of axon collaterals rather than neuronal 

loss. 

Interestingly, data from Ibrahim et. al (2021) suggests that ACa/M2 input decreases 

across the dorsal-ventral extent of V1 when examined earlier in development (~p15 versus 

~p45), with the most marked decrease in middle V1 layers during this period. This increased 

stratification, in which input is increasingly concentrated in superficial and deep layers, thus 

likely precedes the decrease in disparity driven by the loss of layer 1 input observed here. 

Moreover, these patterns may indicate that pruning of middle layers (2/3, 4 and 5), which receive 

negligible input in adulthood (Liu et al. 2024), occurs earlier and perhaps less discriminately, 

whereas later pruning in layer 1 during adolescence requires a more nuanced approach in 

selecting appropriate connections to maintain.  

The functional data reported here demonstrate changes in individual axonal activity and 

the population profile of top-down input to V1 from peri-adolescence to adulthood. These 

developmental refinements may be explained through two distinct, although not mutually 

exclusive, routes: loss of weakly active inputs or maturation of input activity. When paired with 

the anatomical data, the elimination of inputs seems likely to play at least a partial role; however, 

this would not preclude additional maturation of inputs. To this end, we offer interpretations of 

these results under both conditions. 
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 At the population level, we find that the proportion of silent and weakly active ROIs 

decreases between peri-adolescence and adulthood (Fig. 10E-F), and ROIs more equally 

participate in periods of high population activity in adulthood (Fig. 10H-I). These results 

together indicate that ongoing activity in these feedback projections becomes more consistently 

active as populations shift towards stronger activity across ROIs in adolescence. A loss of medial 

top-down input, particularly weakly active inputs, offers a strong plausible explanation, as such 

weakly active inputs are often considered targets of synaptic pruning and the elimination of these 

inputs would inherently shift the population towards a more active distribution (Faust, Gunner, 

and Schafer 2021; Riccomagno and Kolodkin 2015). Nonetheless, this explanation remains 

compatible with the possibility that retained axons shift towards a more active profile between 

peri-adolescence and adulthood.  

At the individual axon level, we observe greater within-ROI variability in peri-adolescent 

animals. We also identify this difference in variability during high activity (Fig. 10D), suggesting 

that differences in sparsity do not drive these observations. Moreover, the higher normalized 

variability observed in peri-adolescent animals appears despite sparser signal (Fig. 10E; zero-

activity frames within ROI: peri-adolescent mean = 42.6% vs adult mean = 33.1%, p>0.05), 

which might be expected to bias data towards lower normalized variability. These results further 

complement the population-level observations that axons shift towards a more reliable activity 

profile during adolescence. 

While this decreased variability may represent maturation of individual axonal inputs, it 

is possible that the decreased projections to V1 can fully explain the decrease in within-ROI 

variability and that the retained inputs do not exhibit changes in variability. However, follow-up 

analyses focusing only on ROIs with moderately high activity (z-scores >1 but <2 in 10%+ of 
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frames) in both age groups indicated a similar change in variability during adolescence (Fig. 

10C-D; (p=0.077 for normalized variability and p=0.047 for peak CV). Although more rigorous 

analysis is needed, we speculate that, if the loss of prefrontal innervation is driven by elimination 

of weakly active inputs, the peri-adolescent ROIs here could represent axons that are not pruned 

but rather themselves become more reliable over adolescence, which would indicate that 

individual axons mature (i.e., exhibit more consistent activity) during adolescence. Altogether, 

we posit that the changes observed here arise from both the concurrent refinement in layer 1 

projections and maturation of retained axons.  

A recent study tracked the development of V1-projecting cells in ACa at similar ages to 

those studied here (~p36 and ~p79), offering valuable context to the upstream source of these 

projections (Nabel et al. 2020). These authors found that ACa spiking rates in V1-projecting 

neurons decreased from the adolescent to adult group. This heightened neuronal activity in early 

adolescence may influence the axonal variability observed and could reasonably play an 

important role in determining which connections to maintain through activity-dependent synaptic 

pruning (Selemon 2013).  

In addition to the changes in neuronal spiking, other elements of adolescent development, 

namely myelination, offer intriguing explanations for the functional changes observed here. For 

example, decreasing variability in axonal activity may be attributed to myelination, which 

increases in prefrontal areas in the late juvenile/early adolescence period (McDougall et al. 2018; 

Bae et al. 2025). Other circuit-level influences, including changes in neuromodulation, could 

additionally shape input activity (Klune, Jin, and DeNardo 2021). 
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These findings generate important additional hypotheses about the development of 

fronto-visual projections. For instance, future experiments may disentangle the influence of 

decreased input versus axonal maturation through longitudinal or more temporally resolved 

cross-sectional imaging approaches. Moreover, input activity should be analyzed on a trial-wise 

basis during visual stimuli to better characterize activity profiles and identify stimulus-linked 

responses. Simultaneous recording with V1 neurons would further elucidate how the downstream 

function of these inputs shifts in adolescence. Collectively, the data presented here provide early 

evidence that top-down feedback to V1 continues to mature during adolescence. 
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5 CONCLUSIONS 

Adolescence is a late developmental period during which neural circuits undergo 

extensive remodeling. Neuropsychiatric disorders in which sensory context processing is 

disrupted tend to onset during this period of circuit refinement. Despite its established relevance 

to neuropsychiatric disorders and cross-species translational value, the trajectory of deviance 

detection during the adolescent period was previously unclear. The experiments presented in this 

dissertation establish adolescence as a window for typical deviance detection development in 

mice and explore possible underlying mechanisms. Specifically, our data demonstrate that 

deviance detection can develop in the absence of a typical microglial population but is disrupted 

by a gain-of-function Kalrn mutation. Moreover, we offer evidence of fronto-visual feedback 

maturation, demonstrating that top-down input to superficial V1 decreases and becomes more 

reliably active in adolescence. These characterizations offer critical insight to the use of deviance 

detection as a translational tool for investigating basic sensory processing in health and disease. 

While the previous chapters broadly relate under the umbrella of context processing 

development and related circuitry, the individual chapters largely address independent questions, 

and the specific implications for each study are discussed at the end of each chapter. Thus, we 

have reserved this final chapter for an interpretation of findings related across chapters and to 

situate these results in the broader contexts of sensory processing and translational MMN 

research. 

5.1 Developing circuits for sensory context processing 

As the “star” of adolescence, the prefrontal cortex has received much attention during this 

period, in contrast to early sensory cortices typically considered adult-like prior to adolescence 

onset. However, our data suggest that a context-dependent V1 neural response – deviance 
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detection – arises after the end of the visual critical period (Chapter 2). Although the complete 

mechanisms underlying this development are not yet clear, the emergence of deviance detection 

suggests that visual circuits undergo further refinement during adolescence. As maturing top-

down input in V1 accompanies the appearance of deviance detection after adolescence (Chapter 

4), such maturation may reflect developmental change in V1 at the level of ACa-V1 synapses. 

Consistent with this view, previous work has identified changes post-synaptic to prefrontal 

projections in the amygdala during adolescence (Arruda-Carvalho et al. 2017). The emergence of 

typical V1 deviance detection responses may also reflect other refinements (e.g., local changes in 

inhibitory/excitatory synapstic balance) to the internal V1 circuitry (as occurs in ACa (Nabel et 

al. 2020)). 

Additionally, we find a developmental increase in phase coherence between ACa and V1 

in low-frequency (theta/alpha) bands (Fig. 2I-J), in which ACa-V1 coherence is known to peak 

in adulthood (Bastos et al. 2023). Intriguingly, this interregional synchrony, which we interpret 

as a measure of long-range functional connectivity, follows the pattern of deviance detection 

effects across experiments: ACa-V1 synchrony is unaffected by microglial depletion (Fig. 5) but 

diminished in Kalrn-PT mice (Fig. 8). Previous work from our lab (Bastos et al. 2023) has 

indicated that, in WT adults, this fronto-visual synchrony is driven by ACa activity (i.e., ACa 

low-frequency activity better predicts V1 activity than vice versa) and occurs most strongly in 

layer 1, where we find top-down input is reduced in adolescence.  

 Given the lower theta/alpha ACa-V1 synchrony observed in peri-adolescent and Kalrn-

PT mice relative to WT adults, repeating these analyses (i.e., Granger analyses and ACa phase 

coherence with V1 layer 1) may be fruitful for dissecting factors underlying this decreased 

coherence. Specifically, characterizing this profile for peri-adolescent animals may complement 
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the findings from Chapter 4, in which higher ACa input to V1 layer 1 (Fig. 9) and greater input 

activity variability (Fig. 10) are observed.  

In adulthood, deviance detection and stimulus-specific adaptation have been shown to 

reflect two independent yet complementary processes at play during sensory context processing 

(Ross and Hamm 2020). The findings presented here deepen our understanding of this 

dissociation by demonstrating divergent developmental trajectories for these processes (Fig. 2, 

Appendix A.2). While previous evidence indicates stimulus-specific adaptation arises earlier in 

the sensory processing hierarchy (Gallimore, Ricci, and Hamm 2023; Parras et al. 2017), our 

results suggest this process arises earlier in development as well. Overall, it is possible that this 

emergence of deviance detection across adolescence reflects circuit-level improvements in 

information processing efficiency (see 5.3 for further discussion).  

We further observed an effect on deviance detection but not stimulus-specific adaptation 

in Kalrn-PT mice; such component-specific effects have been observed in chemo/opto-genetic 

and pharmacological manipulations as well (Parras et al. 2020; Hamm and Yuste 2016; Hamm et 

al. 2021). These data further support the necessity of distinguishing these components in order to 

effectively investigate their underlying mechanisms. 

5.2 Implications for translational research 

“Adolescence is a new birth, for the higher and completely human traits are now born.”  

- G. Stanley Hall 

Adolescence has long been considered a uniquely complex developmental period in 

humans; G. Stanley Hall, the “father of developmental psychology” clearly expresses this 

sentiment above. While clear evidence suggests that rodents undergo adolescence and can be 
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valuable for translational research on this period (Juraska and Drzewiecki 2020), key inter-

species differences (e.g., white matter structure) in this period call for careful and consistent 

cross-validation and/or inclusion of other animal models (Semple et al. 2013; Piekarski et al. 

2023). With these considerations in mind, we identify below how our findings may be integrated 

into a more robust comparison of human and rodent adolescence and potential translational 

implications for these findings.  

While in vivo imaging techniques have been widely used to characterize the development 

of prefrontal connectivity in humans (Sousa et al. 2018; Asato et al. 2010), the adolescent 

development of prefrontal projections – particularly efferent projections – has been largely 

understudied in rodents (see (Nabel et al. 2020; Arruda-Carvalho et al. 2017) for existing 

evidence), hindering characterization of the granular neurobiological details afforded by rodent 

models (Klune, Jin, and DeNardo 2021). To this end, our data begin to address this gap by 

measuring prefrontal-seeded inputs and their activity in V1. Using methods unavailable in 

humans, we find that these axons are refined in adolescence structurally and functionally (Fig. 9, 

10).  

Additionally, we detected an increase in fronto-visual synchrony during adolescence (Fig. 

2I-J), with the adult-like synchrony peak emerging in low frequency bands, and we find this 

relationship disrupted in a genetic model of dendrite loss (Fig. 8F-G). In humans, coherence in 

long-range corticocortical connections and top-down propagations both increase in adolescence 

(Srinivasan 1999; Pines et al. 2023), and similar measures in individuals with schizophrenia 

reveal significant changes in frontal functional connectivity (Roiser et al. 2013; Crossley et al. 

2009). Uhlhaas and Singer propose that the adolescent development of neural oscillations 

confers both vulnerability to psychiatric pathophysiology and opportunity for therapeutic 
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intervention (Uhlhaas and Singer 2011). Under this view, the maturation of fronto-visual phase 

coherence observed in our data may index important circuit functions (e.g., top-down temporal 

modulation) relevant to schizophrenia and represent a source of heightened pathological 

susceptibility during adolescence. 

Finally, while MMN has been shown to mature through adolescence in humans, the 

MMN waveform can be detected much earlier in development (Laurens et al. 2020; Cooray et al. 

2016; Corcoran et al. 2018; Bishop, Hardiman, and Barry 2011). In contrast, we observe no 

deviance detection signal prior to adolescence in mice (Fig. 2O). While differences in methods 

preclude an exact comparison (i.e., LFP versus scalp-level electrical signal; hence the need for 

rodent models), separating deviance-related and redundant-related responses in development 

would be useful for clarifying how rodent and human trajectories align or diverge. Specifically, 

recording responses (e.g., via MEG) during oddball and many-standards sequences at the start 

and end of adolescence would provide developmental detail about both mismatch components 

(Koshiyama et al. 2020) as well as corresponding measures of fronto-visual synchrony (e.g., 

between frontal eye fields and early visual areas).  

Altogether, our findings generate bidirectional predictions to facilitate robust 

comparisons between species and may elucidate circuits vulnerable to psychiatric risk during 

adolescence. 

5.3 Limitations and additional considerations 

The number of timepoints sampled constitutes a key limitation across the studies included 

here. While the lack of sampling within adolescence does not undermine the net changes we 

observe at the start of and after adolescence, previous work has identified several aspects of 
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cortical circuitry with dynamic and non-linear trajectories in adolescent development (Pöpplau et 

al. 2024; Juraska and Drzewiecki 2020; Shaw et al. 2008).  

A late adolescent timepoint – P56 – was investigated in Chapter 2 (Appendix A.3) and 

revealed adult-like deviance detection, verifying that deviance detection emerges within the 

bounds of adolescence. However, a longitudinal design in which within-subject development of 

deviance detection is regularly measured, spanning from pre-adolescence to adulthood, would 

elucidate ongoing dynamics in context-specific responses and would provide more temporal 

resolution to better inform future studies of underlying mechanisms.  

Broadly, challenges persist in defining adolescence, and the adolescent rodent literature 

does not have a consistent start and end for this period. In mice, adolescence is often 

conservatively defined as P28 to P42 or P35 to P49, yet many life-span trajectories consider 

adolescence to include P28 up to P60 (Semple et al. 2013; Schneider 2013; Arellano, Duque, and 

Rakic 2024). Because we were interested in initially investigating the net change, we focused our 

peri-adolescent timepoint around P28-P32, which marks the end of the critical period for 

experience-dependent plasticity in V1 (Gordon and Stryker 1996) and approximates the start of 

puberty (Hoffmann 2018), and our primary adulthood timepoint (for developmental comparison) 

at ~P84 or older, at which point deviance detection responses are reliably observed (Hamm et al. 

2021).  

Although often conflated, adolescence must be distinguished from puberty, where the 

former refers to the maturation of higher-level cognition and behaviors while the latter is tied to 

sexual maturation (Schneider 2013). Our work demonstrates that deviance detection emerges in 

the adolescent window, yet it remains an important open question whether this process aligns 
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with pubertal trajectories and requires pubertal hormones. Notably, we do not observe sex 

differences in adult deviance detection (Fig. 6D) or fronto-visual synchrony (Fig. 5F). Although 

the LFP dataset presented here is underpowered to detect sex differences, an unpublished 

calcium imaging dataset from peri-adolescents collected in our lab also indicates a lack of sex 

differences in deviance detection. 

Changes from adolescence to adulthood are often characterized as refinement or 

improvement to reach a final state of maturity (Larsen and Luna 2018). However, two inherent 

assumptions here warrant deeper consideration. First, by emphasizing improvement (e.g., more 

efficient, faster, greater inhibitory control), we risk neglecting the ongoing function served 

during development. In the context of the data explored herein, we can consider the ways in 

which a sensory processing mechanism without deviance detection may be most suitable or serve 

the organism prior to adolescence. In other words, consideration of immature states as adaptive – 

or at least developmentally appropriate – rather than incomplete may yield a more robust 

understanding of deviance detection and other developmentally emergent processes. Second, by 

considering adulthood a final state, we risk missing continued plasticity or mistakenly deeming a 

process static. A prime example of this comes from a study of spine elimination in human 

prefrontal cortex across the lifespan. Here, Petanjek et al. identify ongoing reductions in 

supernumerary spines into the late thirties, in contrast to popular belief that spine levels are 

stable after adolescence (Petanjek et al. 2011). Thus, while we report an emergence of deviance 

detection in adolescence, how deviance detection, as well as fronto-visual synchrony, fluctuate 

across the lifespan remains unclear (see (C.-H. Cheng, Hsu, and Lin 2013) for a review of MMN 

responses in aging though). 
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5.4 Future areas of inquiry  

From an ontogenetic perspective, little was previously known about deviance detection. 

Here, we demonstrate that deviance detection, a visual response to statistical irregularities, 

emerges during adolescence, providing an important catalyst for further developmental 

investigation. The data here address a subset of factors potentially contributing to the 

development of deviance detection, leaving several mechanisms untested and generating 

additional questions. Below we highlight some of the most pressing questions. 

Given the necessity of prefrontal feedback for adult deviance detection, the development 

of these top-down inputs may drive the development of deviance detection. Previous research 

indicates that visually projecting neurons in ACa mature during adolescence (Nabel et al. 2020), 

and the data presented in Chapter 4 (Fig. 9, 10) specifically indicate structural and functional 

shifts in top-down axons during adolescence, notably in ways that could not have been directly 

predicted by the Nabel and Garukun et al. findings.  

To test this, future studies should directly assess whether top-down feedback is required 

for the development of deviance detection. For example, a lack of adult deviance detection 

following the chronic suppression of visually projecting ACa neurons during adolescence 

(relative to an adult-only inhibition control group) would suggest the activity of these inputs are 

necessary for deviance detection to develop. 

The profile of top-down activity also warrants further investigation beyond what is 

presented here, which focused specifically on ongoing axonal activity. In particular, an age-wise 

comparison of stimulus-evoked axonal activity (on individual trials) across contexts may offer 

more targeted insight into the development of how ACa feedback comes to support V1 deviance 
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detection. While their exact predictive function remains unclear, top-down axons have been 

shown to exhibit distinct activity profiles in trials with predictive (versus neutral) contexts 

(Bastos et al. 2023). If axons display this shift in context-specific responses in adulthood but not 

peri-adolescence, the difference would support the view that the maturation of top-down 

feedback represents a shift towards signaling context-dependent information to V1. 

In addition to top-down feedback, other cellular and circuit elements may contribute to the 

development of deviance detection. Specifically, roles for interneurons (e.g., VIP+, SST+, and 

PV+ interneurons) and myelination merit investigation, as both are known to mature during 

adolescence (Fung et al. 2010; Caballero et al. 2014; Nishio et al. 2025; Mengler et al. 2014). 

Moreover, while the findings from Chapter 4 (Fig. 9, 10) suggest that synaptic pruning may drive 

some of the developmental effects observed, a more explicit measure of synaptic density or 

synaptic pruning should be incorporated into future studies to verify this mechanism. 

 In Chapter 3, we explored a role for Kalrn-PT in deviance detection. Derived from a 

population with schizophrenia, this mutation reduces supragranular dendritic arbors in V1 and 

abolishes deviance detection responses. However, the exact mechanism through which Kalrn-PT 

disrupts V1 context processing and the mechanistic relationship, if any, between these structural 

and functional phenotypes remain unclear. As Kalrn-PT has been shown to directly enhance 

RhoA activation, which in turn leads to adolescent-onset dendritic regression, RhoA signaling 

presents a potential mechanism through which Kalrn-PT impacts deviance detection (Russell et 

al. 2018; Grubisha et al. 2021). Specifically, if increased RhoA signaling leads to the reduction 

in deviance detection observed in these mice (perhaps via decreased dendrites), the inhibition of 

RhoA should partially or fully restore deviance detection. Testing this prediction would assess a 
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potential underlying mechanism and more directly link the reduction in deviance detection to 

reduced dendritic arbors through a shared molecular pathway. 

 Other research may investigate whether the adolescent development of deviance 

detection and other putative “prediction error” signals is conserved across other cortical regions 

(e.g., A1, posterior parietal cortex (Van Derveer, Ross, and Hamm 2023)) and in other context 

processing paradigms (e.g., global/local, sensorimotor mismatch (Aizenbud et al. 2025)). 

Moreover, investigating distinct sources of top-down input (e.g., orbitofrontal area, V2-like 

areas, retrosplenial areas, pulvinar nucleus, etc.) across adolescence may prove useful, as the 

developmental profiles can differ between higher-order regions and exert distinct influences on 

the V1 context processing circuit (Van Eden and Uylings 1985; Furutachi et al. 2024). Finally, as 

noted in section 5.3, testing the influence of pubertal hormones may also be a fruitful line of 

investigation to disentangle adolescent versus pubertal-specific effects on deviance detection. 

Collectively, this dissertation illustrates extended development of visual processing into 

the adolescent period and identifies ways in which the development of a context-specific sensory 

response may be vulnerable to psychiatric risk factors in adolescence. Early neuroscience 

experiments harnessed development as a “natural experiment,” testing the functions and 

properties of neural processes. In this manner, characterizing the development of deviance 

detection may usher in a deeper understanding of neural context processing circuitry (e.g., how 

are circuit elements integrated?) and of predictive processing models (e.g., how do predictive 

systems assemble?). The data presented here offer a foundational understanding of the 

adolescent trajectory of deviance detection and invite further investigation into the underlying 

mechanisms. 
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APPENDICES  

Appendix A (Chapter 2) 

Appendix A.1 

 

Supplemental Figure 1. Groups show similar locomotion during visual stimulation. 

Locomotion was recorded via a rotary encoder or via video recording (60 frames per second). A) 

Average proportion of time that adult and juvenile mice exhibited locomotion during visual 

stimulation paradigms (many standards and oddball; F(1,9)=1.98, p=0.193). Each mouse is a dot. 

Females are red and males are blue. B) Same as A but for microglial depletion groups 

(F(3,99)=0.974, p=0.408). Total n for B reflects all mice recorded, which includes some mice 

that were excluded from main analyses based on histology (i.e. electrodes missed ACa or V1).  
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Appendix A.2 

 

Supplemental Figure 2. Stimulus-specific adaptation is present prior to adolescence and 

not impacted by microglia depletion. A) Schematic of visual sequences representing neutral 

stimulus context (top) and redundant stimulus context (bottom). B) Power spectra for juvenile 

(left) and adult (right) mice to a stimulus when it was neutral vs redundant. Redundant average 

includes stimuli 3rd in the sequence or later, matched to the number of many standards trials 

(mean=44). C) bar plot, averaging power from 2 to 65Hz, from 100 to 400ms post stimulus 

onset. Each dot is one mouse, and males are blue. D,E) same as B/C, but for microglia depletion 

groups. Dotted lines indicate a lack of statistical differences among groups. 
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Appendix A.3 

 

Supplemental Figure 3. Deviance detection is present at P56. A) Power spectra for P56 

(above) and adult mice to a stimulus when it was neutral vs redundant. Spectra averaged over 15 

trials over 4 orientations (0, 45, 90, 135degrees). B) Trial averaged power from 2 to 12Hz. C) 

Trial-averaged 2-12Hz power averaged from 100 to 400ms post stimulus onset. Each mouse is 

one dot, males are blue. Dotted line indicates a lack of statistical differences between groups. 
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Appendix B (Chapter 3) 

Appendix B.1 

 

Supplemental Figure 1. Kalrn-PT mice exhibit a trend towards decreased V1 PSD-95 

density. A) Immunostained PSD-95 puncta (red) and DAPI (blue) in a 67x67um ROI from V1, 

max projected across 8 Z planes sampled every 0.15um (left). The inset (right) illustrates the 

thresholding approach using the Synbot FIJI plug-in to identify puncta. Enlarged to show detail. 

B) A non-significant trend towards reduced PSD-95 density (9.9% decrease) in superficial V1 

(t=1.459, p=0.076) follows the pattern previously reported in Kalrn-PT A1. The t statistic was 

determined from permutation testing (10000 permutations) on clustered bootstrap samples (1000 

iterations) generated at the mouse-level to account for within-mouse correlations. One-sided tests 

were conducted given our a priori expectations based on previous data in A1 (Grubisha et al. 

2021). n=4 mice per genotype, 6 ROIs per animal. Matching colored dots correspond to ROIs 

from the same animal. Error bars indicate standard error of the mean.  
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Appendix B.2 

 

Supplemental Figure 2. Unit isolation and segregation by group. A) Scatter plot of 

discriminative waveform characteristics and marginal distributions for all single and multiunit 

clusters recorded in this study (definitions illustrated in (C)), with dot size scaled by the unit's 

amplitude. B) Relative proportions of fast- and broad-spiking waveforms by Kalrn-PT and wild-

type (WT) genotypes, with total counts inset below the radial legend. C) Representative 

waveforms (n=1000) for well-isolated single unit clusters (i-iii) in (A) ranging from broad- to 

fast-spiking, respectively. Average waveforms are in black. White circles correspond to the 

trough, peak, and inflection point indicating half the decay amplitude. 
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Appendix B.3 

 

Supplemental Figure 3. Stimulus specific adaptation to redundant stimulus is not 

altered in Kalrn-PT mice. A) Responses to the same orientation when it was contextually 

neutral vs contextually redundant, averaged over broad spiking units from wild-type mice 

(shaded area indicates standard error of the mean). B) Same as A for Kalrn-PT animals. C) Mean 

responses from 0 to 100ms after the onset of stimuli. Each dot is one neuron. (D-F) Same as A-C 

for layer 4 neurons. (G-I) Same as A-C for layer 5/6 neurons. J) Stimulus specific adaptation 

index (control minus redundant, divided by max response over all contexts) plotted as a function 

of depth from surface. Smoothed gaussian fit line (200µm window) for each group. Shapes 

correspond to units from the same animal.  
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Appendix B.4 

 

Supplemental Figure 4. Deviance detection fails to develop in Kalrn-PT mice. 

A) Stimulus-induced responses by context (± standard error of the mean) for pre-adolescent 

(n=7; p28-p31) and adult (n=8; Cohort 1) Kalrn-PT mice during V1 bipolar electrode recordings 

revealed no differences across development (F(1,13)=1.16, p=0.30). B) ACa-V1 phase coherence 

(± standard error of the mean) during visual stimulation, averaged across all stimulus conditions 

also did not differ between pre-adolescent (blue) and adult (purple) Kalrn-PT animals 

(F(1,13)=0.57, p=0.46).  



105 

Appendix C (Chapter 4) 

Appendix C.1 

 

Supplemental Figure 1. Mean pixel intensity separated by animal. Baseline-adjusted mean 

pixel intensity across the dorsal-ventral extent of V1 (i.e., data in Fig. 9D) for individual animals. 

Dotted lines indicate peri-adolescent animals and solid lines indicate adult animals. # indicates 

example animal used in Fig. 9C. 
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Appendix C.2 

 

Supplemental Figure 2. Mean intensity (baseline-adjusted, max-normalized) by putative 

layers 6a and 6b. Layers estimated from (Feldmeyer 2023). 
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