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Abstract 
Cortical plasticity: structural and functional changes in cortical neurons and their 

connections 
Michelle Tjia 

 
 

The cerebral cortex is one of the most complex structures, with an estimated 

100 billion neurons connected with one another. One of the key features of the cortex 

that allows us to adapt our behavior in response to experience is its plasticity, i.e. the 

ability to reorganize and rewire structural and functional connections in response to 

changes in the environment. A great deal of progress has been made toward 

understanding cortical plasticity. This dissertation focuses on how distinct sensory 

stimuli induce structural and functional plasticity. First, using in vivo two photon 

imaging, we investigate the effect of two types of experience-dependent plasticity, 

motor learning and sensory deprivation, on structural plasticity of distinct cortical layer 

neurons. Our data reveal that neurons in different cortical layers exhibit distinct 

structural plasticity of apical dendritic spines, which may arise from their distinct 

functional roles in cortical circuits. Second, we focus on molecular mechanisms of 

spine and cortical circuit structural plasticity. Here we show that retinoic acid (RA) 

signaling plays an essential role in dendritic spine experience-dependent plasticity in 

vivo. Finally, combining in vivo two photon calcium imaging with behavioral analysis, 

we investigate the effect of stress on neuronal responses and functional responses of 

layer 2/3 neurons, which play an important role in sensory processing. The proposed 

studies will provide circuit-level insight into how the cortex responds to changes in the 

environment. 
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Chapter 1: General Introduction 
 

The cerebral cortex is one of the most complex structures with an estimated 100 

billion neurons connected with one another. The many regions of the cortex are 

specialized into sensory, motor, and association areas, which are responsible for 

information processing and complex behaviors. Sensory-processing regions of the 

cortex, which directly receive sensory input such as somatic sensation or vision, 

collect/process information about the environment. Motor regions drive behavior. 

Association regions are involved in complex cortical functions such as memory, 

language and attention. One of the key features of the cortex that allows us to adapt 

our behavior in response to experience is its plasticity, i.e. the ability to reorganize and 

rewire its structural and functional connections in response to changes in the 

environment. A great deal of progress has been made toward understanding cortical 

plasticity.  

 

The development of the cortex depends on a complex interaction of genetic and 

experiential factors (Kolb and Gibb, 2011). While genetic factors take the main role in 

establishing initial patterns of connectivity, sensory experience, particularly during 

adolescence, contributes to the refinement and maintenance of appropriate 

connections (Sur and Leamey, 2001; Majewska and Sur, 2006). Indeed, many studies 

have demonstrated that various types of experiences during development, such as 

enrichment, ocular dominance plasticity, sensory deprivation and stress, modify 

cortical organization and ultimately, adult behavior (Zuo et al., 2005; Carvell & Simons, 

1996; Shoyket et al., 2005; McEwen et al., 2016; Erzurumlu and Gaspar, 2012). 

However, different sensory experiences exert differential effects on cortical circuits 
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suggesting that cortical circuits exhibit unique structural and functional rewiring 

strategies (Fu and Zuo et al., 2011). Addressing the question of how sensory stimuli 

result in selective alterations will reveal rewiring strategies of circuits and explain why 

some brain areas are more ‘plastic’ than others. The first two parts of my dissertation 

are focused on understanding experience-dependent structural plasticity, and offer 

new insights into cellular mechanisms involved in structural plasticity. The last part of 

my dissertation is focused on understanding how neural circuits, specifically primary 

somatosensory cortex (S1), functionally adapt to other experiences by looking at 

stress-induced changes. 

 

1.1 What is the whisker-primary somatosensory cortex system? 

The whisker-primary somatosensory cortex (S1) system is a well-studied sensory 

system in rodents, serving as a model for exploring the link between molecular 

mechanisms of experience-dependent plasticity, synaptic circuits, and behavior. 

Rodents heavily depend on their whiskers to navigate through their environment, as 

they are nocturnal animals. The whiskers are used to obtain spatial and textural 

sensory information about their environment, allowing rodents to locate objects and 

perform texture discrimination.  

 

The pathways by which sensory information from the whiskers is passed on to the 

primary somatosensory cortex (S1) have been well characterized (Petersen, 2007). 

Deflection of a whisker is thought to open mechano-gated ion changes in nerve 

endings of sensory neurons in the hair follicle. The resulting depolarization evokes 

action potential firing in the sensory neuron of the trigeminal nerve. A single sensory 
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neuron only fires action potentials to deflection of one specific whisker. The sensory 

neurons synapse onto the trigeminal nuclei of the brainstem. Groups of neurons 

termed “barrelettes” in the principal trigeminal nucleus receive strong input from a 

single whisker, such that each of the barrelette has a one-to-one correspondence with 

a particular whisker. Barreletes project to the corresponding ‘barreloids’ in the 

thalamus. The axons of the barreloids in the thalamus finally then project to S1. 

Whisker representations in S1 are highly organized into somatotopic maps 

representative of the facial whisker pad. Each whisker has a corresponding area of 

representation in the cortex, termed a ‘barrel’ (Woolsey and Van der Loos, 1970). 

 

1.1.1 Two pathways for information flow from the thalamus 

Before reaching S1, all sensory information is relayed by the thalamus. There 

are two types of sensory information conveyed by the whiskers: whisker deflections 

and whisker movement, i.e. active position of the whiskers. These two types of sensory 

information reach S1 via two pathways: lemniscal and paralemniscal, which are 

relayed through two different subregions of the thalamus. These two pathways 

ultimately provide feed-forward excitation to S1.  

 

 The lemniscal pathway, which is relayed through the ventral posterior medial 

(VPM) nucleus of the thalamus, provides information about whisker deflection (Ito, 

1988). VPM neurons respond mainly and precisely to whisker deflection of one 

principal whisker (Simons and Carvell, 1989, Brecht and Sakmann, 2002). VPM 

neurons mainly project to layer 4 (L4) of S1. Excitation from the VPM evokes near-

synchronous depolarization within layer 4 of the same barrel column (Bruno and 
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Sakmann, 2006). The clear single-whisker signaling pathway from the whisker to S1 

through the lemniscal pathway suggest that it is ideally suited to carry information 

about whisker deflections.  

 

The paralemniscal pathway, which is mediated through the posterior medial 

(POm) nucleus of the thalamus, is thought to relay information about whisker 

movements, and thus plays an important role during active exploration and 

sensorimotor coordination. It has been reported that the paralemiscal pathway has 

different properties from the lemniscal pathway. For instance, POm neurons have 

complex receptive fields, respond to whisker movement, and are driven by feedback 

from both motor and sensory areas (Yu et al., 2006). These properties of POm neurons 

render them suited for integrating various information, such as whisker movement and 

contextual information. In addition, POm neurons predominantly project to layer 1 (L1) 

and layer (L5). Taken together, it has been suggested that POm neurons play a 

modulatory role in S1 sensory processing. 

 

1.1.2 Layer-specific contributions to cortical computation  

The primary somatosensory cortex, like all other sensory cortices, can be 

anatomically divided into six defined layers: from superficial layer 1 to layer 6. Each 

layer contains different types of excitatory neurons, as well as different connections. 

Each layer also plays different roles in processing sensory information and cortical 

computation. Here, we focus on three layers that play an important role in both 

lemniscal and paralemniscal pathways. 
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Layer 4 (L4) is considered the main recipient of thalamocortical input representing 

the whiskers, and mainly consists of spiny stellate neurons with dendrites that are 

confined to L4. These spiny stellate neurons are arranged in a circular pattern around 

a clustered thalamocortical afferent, thus termed a barrel. Each barrel has a strong 

response to the tactile stimulation of one particular whisker. Each sensory whisker is 

represented somatopically in the large-scale structure of the barrel field in L4. Neurons 

in L4 show a specific preference to the direction of whisker deflection (Petersen and 

Sakmann, 2000).  

 

L2/3 receives direct projections from L4, and is thought to be a key component 

in the earliest stages of intracortical processing of sensory information, as shown in 

both in vitro and in vivo recordings of neural activity (Petersen and Sakmann, 2001; 

Feldmeyer et al., 2006; Shepherd et al., 2003). L2/3 is densely packed with pyramidal 

neurons with apical dendrites extending to layer 1, receiving both local and long-range 

projections from L2/3 neurons in distant cortical areas i.e. allowing for communication 

between different regions of the cortex. L2/3 neurons also send their projections to 

other areas such as secondary somatosensory cortex and primary motor cortex 

(Aronoff et al., 2010). Based on their connectivity patterns, L2/3 is a site of major 

integration/processing of information. There is a consensus that L2/3 neurons have 

lower firing rates (i.e. low spontaneous and evoked action potential rates) than neurons 

in other cortical layers, such as L4 and L5 (O’Connor et al., 2010). This sparse activity, 

which is confirmed in both electrophysiological and two-photon in vivo calcium imaging 

studies, is an efficient way for coding since only a small minority of L2/3 neurons are 

active at a given time (Hrodmadka et al., 2008; Kerr et al., 2007; O’Connor et al., 
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2010).  This sparse activity is exhibited even in the presence of a sensory stimuli 

(Helmchen et al., 2018). It is proposed that this sparse activity during sensory 

stimulation is due to sensory inputs engaging strong feed-forward inhibition, which 

keeps the membrane potential of most L2/3 neurons below the spike threshold, 

rendering them only sparsely responsive (Crochet et al., 2011). More importantly, this 

sparse firing activity reflects the high selectivity of L2/3 neurons for specific parameters 

of the stimulus and/or context. Studies have demonstrated that L2/3 neurons are 

selective for behaviorally relevant parameters in detection tasks, such as texture 

coarseness (Garion et al., 2014), and in texture discrimination tasks (Chen et al, 2013; 

Kwon et al., 2016). This suggests that sparse activity of L2/3 neurons is critical for the 

execution of specific tasks.  

 

Layer 5 (L5) receives excitatory input from all other layers and extends long-range 

projections to cortical and subcortical areas such as thalamus and brainstem. L5 

contains pyramidal neurons with large cell bodies and prominent apical dendrites that 

ascend to the superficial layers. L5 neurons display higher firing rates compared to 

L2/3 neurons (O’Connor et al., 2010). Recent work hypothesizes that L5 modulates 

activity within the cortical column (i.e. cells with arranged in a vertical cluster that share 

the same tuning for any given receptive field feature): they receive and integrate 

thalamic input from POm (Wimmer et al., 2010; Audette et al., 2018) and top-down 

inputs from regions such as primary motor cortex (M1) (Kinnischtzke et al., 2014). 

However, the possible mechanisms by which L5 processes information are still 

unclear. 
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1.2  Sensory experience shapes organization in primary somatosensory cortex  

Sensory experience dynamically shapes cortical circuit formation and 

development (Tau and Peterson, 2010). It is argued that experiences in early postnatal 

development lay down basic circuitry of S1 that can be later modified by experiences 

during adolescence. This is nicely demonstrated in the rodent S1. While somatotopic 

organization of S1 is predominantly determined by genetic programs, the formation of 

the S1 whisker-barrel map is experience-dependent. This immediately raises 

questions about how and to what extent experience rewires cortical circuits. The basis 

of such rewiring involves a combination of structural and functional changes in neurons 

and their connections. While the end product of rewiring is to change the output of 

connections and the circuits that those connections form, the strategies for rewiring 

vary due to the complex pattern of connectivity between neurons. Therefore, it is 

important to highlight the differences in rewiring strategies of each connection. 

 

1.2.1 Measuring experience-dependent structural plasticity in cortical circuits 

Many studies have identified changes in synapses as important structural 

mechanisms for experience-dependent plasticity of cortical circuits (Holmaat et al., 

2006; Trachtenberg et al., 2002; Willbrecht et al., 2010; Xu et al., 2009). Synapses are 

sites at which neurons within a circuit connect and communicate with each other, thus 

play a crucial role in cortical circuit function (Sudhof and Malenka, 2008). The vast 

majority of excitatory synaptic inputs are onto dendritic spines (small postsynaptic 

protrusions formed along the dendritic branches), and thus spines serve as a good 

proxy for excitatory synapses (Gray, 1959; Majewska et al., 2000). Individual dendritic 

spines can be followed over time in the living brain with in vivo two-photon microscopy.  
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Using this technique, researchers have revealed the reorganization of cortical 

connections during experience in the form of de novo synapse growth and loss. In fact, 

the rates of formation and elimination of dendritic spines change over the lifespan of 

the animal (Lendvai et al., 2000; Zuo et al., 2005). During early postnatal development 

(postnatal days, P0-P15) in mouse, there is an initial phase of spinogenesis resulting 

in net increase of dendritic spine density (Lendvai et al., 2000). From adolescence to 

early adulthood (P15 – P60), spine elimination increases drastically, resulting in an 

overall decrease in the density of spines (Holtmaat et al., 2005; Zuo et al, 2005; Yang 

et al., 2009). By adulthood (P120), spine elimination and formation reach equilibrium 

(Zuo et al., 2005; Mostany et al., 2013) and dendritic spine density is decreased 

dramatically compared to early postnatal development. Importantly, prolonged 

sensory deprivation via whisker trimming during adolescence and adulthood prevents 

spine pruning in the mouse somatosensory cortex, indicating that spine elimination is 

an activity-dependent process (Zuo et al., 2005). 

 

1.2.2 Measuring experience-dependent functional plasticity 

In addition to structural changes of synapses driven by alterations in spine 

dynamics, studies have elucidated the effects of experience-dependent plasticity via 

electrophysiological recordings.  Studies have clearly demonstrated that the whisker 

field receptive map undergoes plasticity in response to alterations in whisker 

experience (Fox et al., 2002). For example, in neonatal rodents (younger than 

postnatal day 4), whisker-mediated sensory deprivation via the trimming or plucking of 

all but one whisker results in an expansion of the ‘spared’ whisker representation in all 



 

 9 

cortical layers. This is especially true for cortical layer 4, where neuronal responses 

drastically change, suggesting that thalamocortical synapses are likely to be primary 

sites of plasticity in neonates. However, in adolescent and adult mice, whisker 

deprivation induces receptive field plasticity most rapidly in layer 2/3, and only later, or 

not at all, in layer 4 (Fox et al., 2002; Stern et al. 2001). This strongly suggests that 

intracortical synapses, specifically layer 4 to layer 2/3 and horizontal cross-columnar 

layer 2/3 to layer 2/3, rather than thalamocortical synapses, are primary sites of 

plasticity in adults (Allen et al., 2003; Shepherd et al., 2003). 

 

1.2.3 Mechanisms underlying experience-dependent cortical rewiring 

 Mechanisms that drive neuronal plasticity have been the subject of intense 

investigation for a number of years. Hebbian plasticity, i.e. long-term potentiation (LTP) 

and long-term depression (LTD), is well known to play a critical role in sculpting neural 

circuits by altering synaptic strength in response to changes in environment (Feldman, 

2009, Katz and Shatz, 1996; Malenka and Bear, 2004). Indeed, these two mechanisms 

are essential in strengthening or weakening specific connections within neural circuits. 

Correlated firing of the pre- and post-synaptic neurons leads to a strengthening of 

synapses, while decorrelated firing results in weakening. It has been nicely 

demonstrated that repeated stimulus presentations strengthen cortical responses over 

time, similar to LTP (Frenkel et al., 2006). On the other hand, whisker deprivation 

obstructs LTD in S1.  

 

In addition to Hebbian plasticity, there are other mechanisms of plasticity 

involved in experience-dependent cortical rewiring. Homeostatic synaptic plasticity is 
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a negative feedback mechanism that neurons use to maintain the stability of the 

network i.e. offset excitation or inhibition. In S1, this balance is maintained by adjusting 

their synaptic strengths through altering their synapse number (Knott et al., 2002). For 

example, persistent whisker stimulation produced a compensatory increase in the 

number of inhibitory synapses in L4 neurons, which decreased the firing rate of L4 

neurons (Knott et al., 2002; Quairiaux et al., 2007). 

 

Synapses implement Hebbian and homeostatic adaptations through a variety 

of molecular processes. Work has shown that retinoic acid (RA) and its receptor 

(RARα) also regulate both Hebbian synaptic plasticity and homeostatic synaptic 

plasticity in cultured hippocampal neurons (Arendt et al., 2015; Chen et al., 2014; 

Maghsoodi et al., 2008; Sarti et al., 2013). In the case of homeostatic synaptic 

plasticity, RA rapidly readjusts the balance of synaptic excitation/inhibition in response 

to synaptic inactivity. During normal synaptic activity, RARα acts as an mRNA 

translational repressor by directly binding to substrate mRNAs, such as α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunit GluA1 (Poon 

and Chen, 2008). The resulting reduction in dendritic calcium levels due to synaptic 

inactivity triggers synthesis of RA (Wang et al., 2011; Arendt et al., 2015b), which in 

turn binds to RARα and reduces its affinity for substrate mRNA. This allows for 

dendritic protein synthesis of GluA1 and insertion of GluA1-containing AMPAR 

subunits into the postsynaptic membrane, thus increasing the excitatory synaptic 

strength (Maghsoodi et al., 2008). Together, these in vitro studies suggest that RA 

signaling mediated by RARα may also impact synaptic plasticity beyond Hebbian and 

homeostatic synaptic regulation. 
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1.3 What is stress? 

A stress response is integral for survival, as it allows organisms to respond and 

adapt appropriately in response to life-threatening situations. One of the main stress 

response pathways is the hypothalamic pituitary adrenal (HPA) axis (Romeo and 

McEwen, 2006; Smith and Vale, 2006). Briefly, stress induces the neurons in the 

paraventricular nucleus (PVN) of the hypothalamus to release two hormones – 

corticotropin releasing factor (CRF) and arginine vasopressin (AVP) – into the blood 

vessels. Both hormones then stimulate the anterior pituitary gland to produce and 

secrete adrenocorticotropic hormone (ACTH) into the general circulation. In turn, 

ACTH induces glucocorticoid synthesis and release from the adrenal glands, located 

on top of the kidneys. The main glucocorticoids in humans and rodents are cortisol 

and corticosterone, respectively. Glucocorticoids binds to glucocorticoid receptors 

(GRs), and such binding induces a variety of physiological changes such as: 

increasing blood glucose levels, increasing cardiovascular function, and decreasing 

inflammatory responses, to name a few. These physiological changes allow the body 

to adapt to life-threatening situations. However, while initially adaptive, prolonged 

activation of the stress response can produce maladaptive effects (McEwen, 2007). 

This happens because once the stress hormones are chronically increased, major 

biological pathways in the brain (e.g. brain neurotransmitter) become dysregulated, 

which will then collectively impact cognitive function. 

 

1.3.1 Effects of stress on cortical circuits 
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Stress is a common and inevitable aspect of life in modern society. However, 

modern life stressors are typically chronic. We know that chronic stress can contribute 

to cognitive impairments and the development of mental health problems (Lupien et 

al., 2009). Considerable evidence shows that these cognitive problems arise due to 

stress-induced changes in functional plasticity, such as neuronal excitability, and 

structural plasticity. For example, changes in spine structure were observed in several 

brain areas involved in complex behavior and cognition, some of which are 

hippocampus, amygdala, and prefrontal cortex (PFC) (McEwen et al., 2015). However, 

the response of the brain to stressors is a complex process involving multiple 

interacting mediators and utilizing many mechanisms. 

 

One in particular aspect of stress is the effect of elevated levels of 

glucocorticoids on neuronal excitability and function. It is known that stress results in 

elevated levels of glucocorticoids, which can easily pass the blood-brain barrier 

(Sapolstsky et al., 1986). Once in the brain, glucocorticoids can bind to intracellular 

steriod receptors: high-afinnity mineralocorticoid and low-affinity glucocorticoid 

receptors (MR and GR, respectively). Convergent lines of evidence have shown that 

glucocorticoids, by binding to their receptors, increases glutamate release in several 

cortical areas, such as PFC (Treccani et al., 2015; McEwen et al., 2015). Specifically, 

a recent study demonstrated that acute stress, by activating GRs, increased the 

delivery of NMDARs and AMPARs to the synaptic membrane, resulting in long-lasting 

potentiation of glutamatergic transmision in PFC neurons (Yuen et al., 2009). Taken 

together, stress controls neuronal activity through glutamate receptor membrane 

trafficking, ultimately altering circuit excitability. 
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 In addition to affecting neuronal excitability, stress also alters neuronal 

architecture through a decrease of dendritic arborization (Mitra et al., 2005; Magariños 

et al., 2011). One mechanism in which stress alters brain structure is through cell 

adhesion molecules, which are important for proper synaptic formation and 

stabilization (McEwen et al., 2015). A few adhesion molecules that were reported to 

change in response to different stressors are NCAM (neural cell adhesion molecule) 

and the neuroligins. It has been proposed that stress-induced reduction of NCAM-140 

(neural cell adhesion molecule isoform 140) leads to elimination of existing synapses, 

resulting in dendritic shrinkage on hippocampal CA3 neurons. In addition, studies have 

found a reduction in neuroligins in the hippocampus in response to stress. 

 

 There are many more mechanisms through which stress alters both structure 

and function, suggesting that stress has widespread effects throughout the brain. 

Much more work is needed to understand stress-induced changes in neural 

architecture. Gaining insight into the mechanisms that are involved in stress-induced 

neural reorganization can shed light into cortical plasticity and help us identify 

therapeutic targets of potential interest. 

 

1.3.2 Stress alters circuits underlying sensory processing 

Stress has a widespread effect throughout the brain, as evidenced by the broad 

spectrum of cognitive abnormalities it induces. Furthermore, glucocorticoid receptors 

are located throughout the brain, including in S1 (McEwen et al., 1968). Therefore, it 

is conceivable that stress also affects information processing in the sensory cortices, 
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specifically primary somatosensory cortex. While the effects of stress on regions such 

as PFC have been well studied, less is known about how stress impacts sensory 

regions. To fully comprehend the effect of stress on cognitive functions, we must start 

by understanding the effects of stress on basic cortical functions such as sensory 

processing. Cortical sensory processing serves as a critical link between the ever-

changing external world and the internal universe of consciousness, and forms the 

foundation of bottom-up cognitive processing. Thus, impaired sensory information 

processing may feedforward to alter the function of higher order cortical areas. 

 

Indeed, previous work in our lab demonstrated that stress impairs basic 

sensory discrimination, as evidenced by the reduction in ability to discriminate 

between rough and smooth textures. This behavior deficit is accompanied by an 

increase in spine elimination on apical dendrites of L5 neurons in S1, whereas spine 

formation is not affected (Chen et al., 2018). Furthermore, an in vitro study 

demonstrated that stress reduced spine density in S1 (Sala-Catala et al., 2005). These 

studies suggest that stress increases elimination of spines (excitatory synapses), 

resulting in structural reorganization of somatosensory cortex circuitry, and that such 

reorganization is associated with difficulties in processing tactile information. However, 

it is still unclear how these structural alterations in spines ultimately alter circuits 

underlying sensory processing.  

 
1.4 Relevance 
 

The focus of this dissertation is to understand the rewiring strategies employed by 

circuits in response to changes in experience. First, we looked at how distinct cortical 

layers alter their synaptic structure in response to sensory stimulation. Second, we 
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identify a molecular mechanism involved in experience-dependent synaptic plasticity. 

Third, we focus on how circuits involved in behavior functionally adapt to an aversive 

experience.  

 
 
Chapter 2: Pyramidal neurons in different cortical layers exhibit distinct 

dynamics and plasticity of apical dendritic spines  

 

2.1 Abstract 

The mammalian cerebral cortex is typically organized in six layers containing 

multiple types of neurons, with pyramidal neurons (PNs) being the most abundant. 

PNs in different cortical layers have distinct morphology, physiology and functional 

roles in neural circuits. Therefore, their development and synaptic plasticity may also 

differ. Using in vivo transcranial two-photon microscopy, we followed the structural 

dynamics of dendritic spines on apical dendrites of layer (L) 2/3 and L5 PNs at different 

developmental stages. We show that the density and dynamics of spines are 

significantly higher in L2/3 PNs than L5 PNs in both adolescent (1 month old) and adult 

(4 months old) mice. While spine density of L5 PNs decreases during adolescent 

development due to a higher rate of spine elimination than formation, there is no net 

change in the spine density along apical dendrites of L2/3 PNs over this period. In 

addition, experiences exert differential impact on the dynamics of apical dendritic 

spines of PNs resided in different cortical layers. While motor skill learning promotes 

spine turnover on L5 PNs in the motor cortex, it does not change the spine dynamics 

on L2/3 PNs. In addition, neonatal sensory deprivation decreases the spine density of 

both L2/3 and L5 PNs, but leads to opposite changes in spine dynamics among these 
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two populations of neurons in adolescence. In summary, our data reveal distinct 

dynamics and plasticity of apical dendritic spines on PNs in different layers in the living 

mouse cortex, which may arise from their distinct functional roles in cortical circuits. 

 

2.2 Introduction 

The mammalian cerebral cortex plays an essential role in perception, motor 

control and higher cognitive functions. It consists of distinct areas, which are dedicated 

to specific functions but share a common laminar structure. Neurons in different 

cortical layers can be classified into subtypes, the most abundant being the pyramidal 

neurons (PNs) (DeFelipe and Fariñas, 1992). PNs are glutamatergic excitatory 

neurons (DeFelipe, 2011); they usually have pyramid-shaped somata and 

communicate with other cortical or sub-cortical regions of the brain via long-distance 

axonal projections (DeFelipe and Fariñas, 1992; Spruston, 2008). 

 

PNs located in different cortical layers vary considerably in their connectivity, 

dendritic morphology, and functional properties (Feldmeyer, 2012; Harris and 

Shepherd, 2015). First, their axons project to distinct targets. L2/3 PNs send axons to 

both neighboring and distant cortical regions (Fame et al., 2011; Harris and Shepherd, 

2015). Presumably they are important for integrating information across cortical areas 

and mediating higher order information processing. On the other hand, L5 PNs 

constitute a major source of cortical outputs to subcortical structures, projecting axons 

to regions such as the thalamus, the striatum, the midbrain, the pons, and the spinal 

cord (O'Leary and Koester, 1993; Harris and Shepherd, 2015). Second, L5 and L2/3 

PNs differ in cell body size and dendritic arborization. L2/3 PNs have smaller somata 



 

 17 

and more confined dendritic trees compared to L5 PNs (Larkman and Mason, 1990; 

Feldmeyer, 2012; Rojo et al., 2016). Apical dendrites of L5 PNs extend a greater 

distance than those of L2/3 PNs to reach the pial surface, sampling a greater area of 

the cortex (Spruston, 2008). Finally, L2/3 PNs have a significantly lower spontaneous 

and evoked action potential firing rate than L5 PNs (Petersen and Crochet, 2013). 

These structural and functional differences between L2/3 and L5 PNs are thought to 

support their diverse roles in information processing within neural circuits. 

 

Neurons interconnect and communicate with each other at specialized sites 

called synapses. The postsynaptic sites of the majority of excitatory synapses reside 

on dendritic spines, tiny protrusions emanating from dendrites (Gray, 1959). Spines 

contain molecular components for synaptic signaling and plasticity, including 

ionotropic and metabotropic receptors, cytoskeletal and adaptor proteins, and various 

signaling molecules (Nimchinsky et al., 2002; Hotulainen and Hoogenraad, 2010; 

Sheng and Kim, 2011; Colgan and Yasuda, 2014; Levy et al., 2014). In the past two 

decades, transgenic mice expressing fluorescent proteins (Feng et al., 2000) and two-

photon microscopy (Denk et al., 1990) have enabled tracking the dynamic formation 

and elimination of spines, which imply corresponding changes in synaptic connections, 

in living animals over time (Holtmaat and Svoboda, 2009; Fu and Zuo, 2011; Chen et 

al., 2014b). Longitudinal imaging of spine dynamics demonstrates that spine formation 

and plasticity is fundamental to the development and experience-dependent 

remodeling of neural circuits throughout the animal’s life (Trachtenberg et al., 2002; 

Zuo et al., 2005b; Holtmaat et al., 2006; Hofer et al., 2009; Xu et al., 2009; Yang et al., 

2009; Tropea et al., 2010; Attardo et al., 2015). The majority of in vivo imaging studies 
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on the structural dynamics of dendritic spines have so far focused on L5 PNs in the 

cerebral cortex. This is largely due to the ready availability of transgenic mouse lines 

that preferentially and strongly express fluorescent proteins (i.e., YFP or GFP) in a 

putatively random subset of L5 PNs.  In addition, most chronic live imaging work using 

these mouse lines have focused on the plasticity of spines in L1 of the cortex because 

of their optical accessibility. While these studies have revealed interesting 

spatiotemporal patterns of spine dynamics under various conditions, there is no 

guarantee that the conclusions are universally applicable rules. For example, inputs to 

upper-layer PNs are distinct from those to L5 PNs (Feldmeyer, 2012; Hooks et al., 

2013); similarly, apical and basal dendrites of the same neuron may form synapses 

with distinct neuronal populations (Spruston, 2008; Feldmeyer, 2012; Oberlaender et 

al., 2012): all these may result in different rules for synaptic dynamics.  

 

In this study, we compared the developmental and experience-dependent 

spine dynamics along apical dendritic tufts of L2/3 versus L5 PNs. Specifically, we 

investigated whether and how their spine dynamics differ through postnatal 

development into adulthood, during adolescent forelimb-specific motor skill learning, 

and in response to neonatal sensory deprivation. Despite a handful of papers directly 

comparing L2/3 and L5 PN apical dendritic spine dynamics (Holtmaat et al., 2005; 

Hofer et al., 2009; Schubert et al., 2013; Ma et al., 2016; Yang et al., 2016), the 

behavior of spines under the conditions mentioned above has not been investigated 

systematically.  Given the importance of motor skill learning and early sensory 

experience for brain development, such data will improve our knowledge on how brain 

circuits change in response to early experience. We found that the spine density and 



 

 19 

the intrinsic spine dynamics are significantly higher in L2/3 PNs than in L5 PNs in both 

adolescent and adult mice. Interestingly, L2/3 and L5 PNs respond differently to 

neonatal sensory deprivation and adolescent motor learning, suggesting a circuit-

specific modulation of excitatory connections in the cortex by experience. 

 

2.3 Material and Methods 

Experimental Animals 

All animal care and experimental procedures were performed in accordance with 

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

University of California, Santa Cruz. Thy1-YFP-H line mice (Feng et al., 2000) were 

purchased from Jackson Laboratory. Timed pregnant C57Bl/6 female mice were 

purchased from Charles River. Mice were group-housed in the UCSC animal facility, 

with 12 h light-dark cycle and access to food and water ad libitum. Both male and 

female mice were used in all experiments. 

 

In utero electroporation 

In utero electroporation (IUE) was performed as previously described (Saito and 

Nakatsuji, 2001) on E13.5 or E15.5 timed pregnant C57Bl/6 mice to label L5 or L2/3 

PNs, respectively. The pCAG-GFP plasmid (Addgene #11150) was purified using the 

NucleoBond Extra Midi EF Kit (Clontech Laboratories). The plasmid was diluted to a 

final concentration of 1 µg/µl with sterile phosphate buffered saline (PBS) and 

colorized with 0.1% Fast Green (Sigma-Aldrich) dissolved at 37˚C immediately prior 

to use. 1-2 µl DNA plasmid was injected into the lateral ventricle through a pulled glass 

micropipette. Five pulses (25-30 V amplitude, 50 ms duration with 950 ms intervals) 
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were delivered, targeting the motor or barrel cortex, using a platinum plate tweezers-

type electrode connected to a square-pulse electroporator (CUY21, NEPA Gene).  

 

Immunofluorescence for cortical sections and confocal imaging 

The mouse was transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M 

PBS. Following perfusion, the brain was post-fixed in 4% PFA at 4˚C overnight and 

cryoprotected with overnight incubation in 30% sucrose. The brain was then 

embedded in OCT medium and cryosectioned into 25 µm thick coronal sections. For 

immunostaining, sections were washed in PBS for 10 min, and incubated in blocking 

solution (5% goat serum, 0.01% Triton in PBS) for 15 min at room temperature in a 

humid chamber. Sections were then quickly washed in PBS and labeled with rabbit 

anti-Cux1 (1:1000; Santa Cruz Biotechnology) at 4˚C overnight in a humid chamber. 

Sections were subsequently incubated with goat anti-rabbit secondary antibody 

conjugated with Alexa Fluor 594 (1:500; Life Technologies) in 0.1M PBS for 2 h at 

room temperature. Finally, sections were washed in PBS and mounted with 

Fluoromount-G mounting medium (Southern Biotech). Confocal images were taken 

with a Leica SP5 confocal microscope with 10x/0.3 NA, 20x/0.75 NA, and 63x/1.4 NA 

oil-immersion objectives. All images shown in Figure 1 are representative of at least 

three replications. Merging of different channels into multi-color images was performed 

with Adobe Photoshop.  

  

For quantification of fluorescently labeled cells co-labeled with Cux1, wide-field images 

of brain sections were collected on a Zeiss Axio Imager M2 microscope with a 20x/ 
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0.8 NA objective using the Axiovision software and cells were manually counted in 

Stereo Investigator (MicroBrightField). 

 

In vivo transcranial imaging and data analysis 

Transcranial two-photon imaging and analysis of spine density and dynamics of apical 

dendritic tufts were performed as previously described (Zuo et al., 2005a). All images 

were analyzed using ImageJ. Spine density was calculated by dividing the number of 

spines by the length of the dendritic segment on which they reside. Only dendritic 

segments belonging to the apical tufts that lie within a single optical section are 

analyzed. Percentage of spines eliminated or formed was calculated as the number of 

spines eliminated or formed over the total spines counted in the images obtained 

during the first imaging session. The numbers of animals and spines analyzed under 

various experimental conditions are summarized in Supplementary Tables 1 and 2. All 

data are presented as mean ± s.e.m. Mann-Whitney U test and Kruskal-Wallis rank 

sum test followed by post-hoc multiple comparisons test were used for statistical 

analysis. p < 0.05 was considered significant. 

 

Image processing for Figure 2A-B were performed as previously described (Xu et al., 

2009). Briefly, we chose regions with sparsely labeled dendrites as examples and 

made maximum intensity projections of the image stack. The resulted images were 

then thresholded, Gaussian filtered and contrast-enhanced for presentation.  

 

Single-pellet reaching task 
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Single-pellet reaching test was performed as previously described (Xu et al., 2009; 

Chen et al., 2014a). Briefly, the mouse was food-restricted to maintain 90% of the ad 

libitum weight during the experiment. A brief shaping phase was used to familiarize 

the mouse with the training chamber and task requirements, as well as to determine 

its limb preference. 30 pellets were used for each training session. Reach attempts 

were scored and the success rate was calculated as the percentage of successful 

reaches over total reaches per session. 

 

Sensory deprivation 

Whisker trimming was performed as previously described (Lee et al., 2009). Mystacial 

vibrissae of both side whisker-pads were cut to skin level daily from postnatal day 0 to 

7.  Control mice were handled similarly without whisker trimming. 

 

Whisker-dependent texture discrimination task 

Whisker-dependent texture discrimination test was performed as previously described 

(Wu et al., 2013; Chen and Zuo, 2015). Briefly, the mouse was habituated and tested 

in a testing arena (38 cm x 28 cm x 23 cm). On the testing day the mouse went through 

three phases: encoding (5 min), rest (5 min), and testing (3 min). In the encoding 

phase, the mouse was presented with two identically textured columns (3 cm x 3 cm 

x 9 cm). One of the columns was replaced with a new column of a different texture 

during testing phase. The amount of time spent actively investigating the columns was 

recorded and analyzed using EthoVision XT 10-Noldus software. Data are presented 

as mean ± s.e.m. Student’s t-test was performed to compare the percentage of time 

spent investigating the columns during testing. p < 0.05 was considered significant. 
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2.4 Results 

 

2.4.1 Timed in utero electroporation selectively labels cortical neurons in 

specific areas and layers  

 

To specifically label L5 or L2/3 PNs, we electroporated plasmids encoding the 

green fluorescent protein (GFP) into the mouse cortex on either embryonic day (E) 

13.5 or E15.5, respectively (Figure 1A-C). By adjusting the electrode position, we 

selectively targeted either the barrel or the motor cortex. None of the GFP+ cells in 

E13.5-electroporated brains co-labeled with Cux1, a marker for upper-layer neurons 

(Arlotta et al., 2005; Molyneaux et al., 2007), but the majority (>94%, 407 cells from 3 

mice) of GFP+ cells in E15.5-electroporated brains did (Figure 1D). These data 

demonstrate our capability to target PNs of a particular cortical region in a layer-

specific manner.  
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Figure 1. IUE selectively labels cortical neurons in specific areas and layers. (A) 
Experimental design showing the timing of IUE and in vivo imaging. LV: lateral 
ventricle; Cx: cortex; CPu: striatum; cc: corpus callosum. (B) An example of E15.5 IUE 
targeting the motor cortex. Left: the whole brain. Right: A coronal section of one 
hemisphere. (C) Examples of L2/3 (left) or L5 (right) PNs in the motor cortex labeled 
by IUE. (D) An example of GFP neurons in the E13.5 electroporated brain co-labeling 
with Cux1 (Red). Scale bars: 1mm (B left), 500 µm (B right), 100 µm (C), and 5 µm 
(D). 
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Supplementary Figure 1. Comparison of spine density in different cortical layers 
and regions. (A) Spine densities of apical dendrites of L5 PNs are comparable 
between E13.5 electroporated mice and YFP-H line mice. Mann-Whitney U test. (B) 
The spine density of PNs in the same layer is comparable between motor and barrel 
cortices, with higher density in L5 PNs compared to L2/3 PNs. Kruskal-Wallis rank 
sum test with post-hoc multiple comparisons was used for statistical analysis. **p < 
0.01, ***p < 0.001. Data are presented as mean ± s.e.m. Numbers of mice analyzed 
are indicated in the figure. 
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2.4.2 L2/3 PNs have higher spine density along apical dendrites than L5 PNs and 

lack spine pruning during adolescent development 

 

As most excitatory synapses reside on spines (Gray, 1959), spine density is a 

good indicator of a neuron's excitatory synaptic connectivity. To compare the spine 

density on apical dendrites of L2/3 versus L5 PNs, we imaged dendritic segments in 

L1 of the motor cortex of both electroporated mice and YFP-H line mice with 

transcranial in vivo two-photon microscopy. We found that the spine density of L5 PNs 

was comparable between E13.5-electroporated mice (0.44 ± 0.04 spines/µm) and 

YFP-H mice (0.47 ± 0.01 spines/µm) at P30 (p > 0.6, Supplementary Figure 1A). 

However, the spine density along L2/3 PNs (0.73 ± 0.04 spines/µm) was almost twice 

that of L5 PNs at the same age (p < 0.001, Figures 2A,C). This difference in spine 

density between L2/3 and L5 PNs was also observed in the barrel cortex (p < 0.001, 

Supplementary Figure 1B). It is worth noting that the spine density of L5 and L2/3 PNs 

was comparable between barrel and motor cortices (p > 0.3, Supplementary Figure 

1B). Furthermore, we found that spine density of L5 PNs decreased from postnatal 

day (P) 14 (early adolescent) until P120 (adulthood) (Figure 2C), consistent with earlier 

findings in the sensory cortex (Grutzendler et al., 2002; Holtmaat et al., 2005; Zuo et 

al., 2005a). Given the developmental pruning of spines, the higher spine density 

observed on L2/3 PNs at P30 could be due to a slower or delayed spine pruning or a 

higher spine density to start with. To distinguish between these possibilities, we 

compared spine densities of L2/3 PNs and L5 PNs at 3 other ages (P14, P60, and 

P120; Figure 2C). We found no difference in spine density along L2/3 PNs among 

these age groups (p > 0.7), and spine densities of L2/3 PNs were significantly higher 
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than that of L5 PNs at all ages examined (p < 0.05) (Table 2). In summary, apical 

dendrites of L2/3 PNs harbor intrinsically higher spine density than L5 PNs, but unlike 

L5 PNs, L2/3 PNs do not show spine pruning after P14. 
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Figure 2.  L2/3 PNs have higher spine density and dynamics than L5 PNs. (A,B) 
Repeated imaging of the same dendritic branches over 4-day intervals in the motor 
cortex of adolescent (P30) (A) and adult (P120) (B) mice. Arrows indicate eliminated 
spines, and arrowheads indicate newly formed spines. Filopodia are labeled by 
asterisks. Scale bar: 2 µm. (C) The spine density of L5 PNs undergoes a 
developmental decrease, whereas the spine density of L2/3 PNs remains constant 
from adolescence to adulthood. (D,E) Apical dendrites of L2/3 PNs display higher 
formation (D) and elimination (E) rates than L5 PNs in both adolescent and adult mice. 
Kruskal-Wallis rank sum test followed by post-hoc multiple comparison was used for 
statistical analysis. *p < 0.05, *p < 0.01, ***p < 0.001. All data are presented as mean 
± s.e.m. Numbers of mice analyzed are indicated in the figure. 
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Table 1. Spine density under different experimental conditions.  Data are 

presented as mean ± s.e.m. MC: motor cortex, BC: barrel cortex 

Age Cortex Layer Conditions Spine Density 
(/µm) 

Spine 
Number 

Animal 
Number 

P14 MC L5 Control 0.57 ± 0.02 773 5 
L2/3 Control 0.72 ± 0.04 637 3 

P30 MC L5 Control 0.47 ± 0.00 926 5 
L2/3 Control 0.73 ± 0.04 1249 6 

P60 MC L5 Control 0.35 ± 0.00 1284 6 
L2/3 Control 0.70 ± 0.03 767 4 

P12
0 

MC L5 Control 0.33 ± 0.01 665 5 
L2/3 Control 0.74 ± 0.02 1101 7 

P30 BC L5 Control 0.47 ± 0.01 1117 9 
L5 Trim 0.38 ± 0.02 607 5 

P30 BC L2/3 Control 0.90 ± 0.04 486 4 
L2/3 Trim 0.69 ± 0.05 484 4 

P30 BC L5 IUE 0.44 ± 0.04 850 7 
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2.4.3 Apical dendrites of L2/3 PNs exhibit higher spine dynamics than L5 PNs in 

both adolescent and adult mice 

 

Time-lapse imaging has accumulated much evidence that synaptic 

connections are constantly formed and eliminated in the living brain, even in adulthood 

(Holtmaat and Svoboda, 2009; Chen et al., 2014b). To compare baseline spine 

dynamics on apical dendrites of L2/3 versus L5 PNs, we followed the same dendritic 

segments over a 4-day interval and compared spine changes between imaging 

sessions at P30 and P120 (Figure 2A,B). We found that spines on L2/3 PNs are much 

more dynamic than spines on L5 PNs. This dynamic could be due to several 

possibilities: developmental lag, and plasticity. In the motor cortex over a 4-day interval 

at P30, 17.5 ± 1.5% of spines were formed on L2/3 PNs, significantly higher than that 

of L5 PNs (5.5 ± 0.6%, p < 0.001; Figure 2D). Similarly, 18.2 ± 1.8% of spines on L2/3 

PNs were eliminated over the same period, compared to 8.8 ± 0.6% on L5 PNs (p < 

0.001, Figure 2E). In addition, our results revealed that L5 PNs have significantly 

higher spine elimination than formation (p < 0.05, Supplementary Figure 2A), 

consistent with the decrease in spine density during adolescent development 

(Holtmaat et al., 2005).  In contrast, L2/3 PNs had balanced spine formation and 

elimination at P30 (p > 0.6), consistent with the lack of spine pruning in the adolescent 

brain (Supplementary Figure 2A).  

 

We also found that spine dynamics of both L2/3 and L5 PNs slowed down in 

the adult brain. In the motor cortex at P120, spine formation and elimination rates of 

L2/3 PNs over 4 days were 9.0 ± 0.3% and 9.7 ± 0.4%, respectively, significantly lower 
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than those measured at P30 (p < 0.01 for both, Figures 2D,E). Nevertheless, as in 

adolescence, these rates were still higher than corresponding ones of L5 PNs (3.6 ± 

0.4% formation, 3.7 ± 0.4% elimination, p < 0.001 for both, Figures 2D,E). Importantly, 

L2/3 and L5 PNs had balanced spine formation and elimination at P120 (p > 0.5 for 

both, Supplementary Figure 2B, Table 2), suggesting that spine density reaches a 

constant level for both PNs in adults.  
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Supplementary Figure 2. Comparison of spine formation and elimination at 
different ages. (A) Significantly more spines were eliminated than formed along apical 
dendrites of L5 PNs, but not L2/3 PNs, over 4 days in P30 motor cortex. (B) 
Comparable number of spines were formed and eliminated along the apical dendrites 
of both L2/3 and L5 PNs over 4 days in the P120 motor cortex. Kruskal-Wallis rank 
sum test with post-hoc multiple comparisons was used for statistical analysis. *p < 
0.05. Data are presented as mean ± s.e.m. Numbers of mice analyzed are indicated 
in the figure. 
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Table 2. The percentage of spines eliminated and formed over various intervals 

under different experimental conditions.  Training: single-pellet reaching task, 

Trimming: neonatal sensory deprivation (P0-7). Data are presented as mean ± s.e.m., 

MC: motor cortex, BC: barrel cortex 

Imaging 
Intervals 

Layer Conditions Spine 
Formation 

(%) 

Spine 
Elimination (%) 

Spine 
Number 

Animal 
Number 

P30 
4 days L5, 

MC 
Control 5.5 ± 0.6 8.8 ± 0.6 749 6 
Training 13.4 ± 0.9 14.1 ± 0.9 719 5 

4 days L2/3, 
MC 

Control 17.5 ± 1.5 18.2 ± 1.8 782 6 
Training 18.7 ± 0.3 20.1 ± 0.8 481 5 

7 days L5, 
BC 

Control 7.2 ± 0.6 12.3 ± 0.7 759 5 
Trimming 11.2 ± 1.0 17.0 ± 1.5 526 4 

7 days L2/3, 
BC 

Control 14.6 ± 0.3 15.1 ± 0.6 484 4 
Trimming 7.6 ± 0.9 17.6 ± 2.0 509 4 

P120 
4 days L5, 

MC 
Control 3.6 ± 0.4 3.7 ± 0.4 619 5 
Training 7.9 ± 0.6 9.5 ± 0.3 806 5 

4 days L2/3, 
MC 

Control 9.0 ± 0.3 9.7 ± 0.4 587 4 
Training 9.9 ± 0.6 10.4 ± 0.5 469 3 
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2.4.4 Motor skill learning-induced increase in spine dynamics occurs in L5, but 

not L2/3, PNs of the motor cortex  

The differences in baseline structural dynamics between L2/3 and L5 PNs 

prompted us to ask if experience-dependent spine plasticity could also differ. To do 

so, we trained mice to reach for single food pellets, a forelimb-specific motor-skill 

learning task (Xu et al., 2009), and imaged the contralateral motor cortex over a 4-day 

interval at P30 and P120 to determine spine dynamics changes. Consistent with earlier 

work (Xu et al., 2009), we found that motor-skill learning increased spine formation 

and elimination of L5 PNs at both P30 and P120 (Figures 3A,B). At P30, 13.4 ± 0.9% 

and 14.1 ± 0.9% spines were formed and eliminated, respectively, on the apical 

dendrites of L5 PNs in mice undergoing daily training, significantly higher than those 

in control mice (p < 0.05 for both, Figure 3A).  In contrast, 18.7 ± 0.3% and 20.1 ± 

0.8% spines were formed and eliminated, respectively, on the apical dendrites of L2/3 

PNs during motor-skill learning, not significantly different from those in control mice (p 

> 0.2 for both, Figure 3A). We observed a similar effect in adulthood as well. While L5 

PNs responded to learning with elevated formation (7.9 ± 0.6%) and elimination (9.5 

± 0.3%) (p < 0.05 for both compared to controls), L2/3 PNs failed to do so (9.9 ± 0.6% 

formation and 10.4 ± 0.5% elimination with training, p > 0.2 for both compared to 

controls, Figure 3B). 
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Figure 3. Motor learning does not enhance spine dynamics of L2/3 PNs in 
adolescence or adulthood. (A, B) Motor learning increases the spine dynamics of 
L5 PNs, but has no effect on spine dynamics of L2/3 PNs in both P30 adolescent (A) 
and P120 adult (B) mice. Kruskal-Wallis rank sum test followed by post-hoc multiple 
comparison was used for statistical analysis. *p<0.05. All data are presented as mean 
± s.e.m. Numbers of mice analyzed are indicated in the figure. 
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2.4.5 Early postnatal sensory deprivation impairs whisker-dependent textural 

discrimination and alters cortical spine dynamics in a layer-specific manner in 

adolescent mice  

 

Sensory experience during early postnatal life is crucial for the proper 

development of neuronal morphology and sensory acuity in rodents (Hubel and 

Wiesel, 1964; Carvell and Simons, 1996; Shoykhet et al., 2005; Lee et al., 2009; 

Wimmer et al., 2010; Chen et al., 2012a; Erzurumlu and Gaspar, 2012; Papaioannou 

et al., 2013; Chen et al., 2015). To determine if neonatal sensory deprivation alters 

sensory processing later in life, we bilaterally trimmed the whiskers of pups during the 

first postnatal week (i.e., from P0 to P7), before active whisking starts (Landers and 

Philip Zeigler, 2006; Erzurumlu and Gaspar, 2012). We then waited for the whiskers 

to grow back to full length (p > 0.3, Supplementary Figure 3A) and assessed whisker 

function using the whisker-dependent textural discrimination task (Wu et al., 2013) at 

P30. We found that control mice spent significantly more time approaching the column 

with the novel texture to the column with the habituated texture (p < 0.01, 

Supplementary Figure 3C). In contrast, trimmed mice spent equal amount of time 

investigating novel and habituated texture (p > 0.4, Supplementary Figure 3D). 

Together, trimmed mice spent a smaller fraction of time approaching the column with 

a novel texture compared to control (p < 0.01, Figure 4A). It is important to note that 

there was no significant difference in the amount of time spent investigating the 

columns during encoding between control and trimmed mice (p > 0.6, Supplementary 

Figure 3B), suggesting no defect in exploration activity. These data suggest that early 
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sensory experience is crucial for the development of normal whisker-dependent 

textural discrimination ability.  
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Supplementary Figure 3. Mice with neonatal whisker trimming fail to distinguish 
novel and habituated textures, despite normal whisker length and encoding 
behavior. (A) Whiskers of P0-7 trimmed mice grew back to control length at P30. (B) 
Control and trimmed mice spent comparable investigating time during encoding 
phase. (C, D) During testing phase, control mice spent significantly more time 
investigating the novel textured object compared to the habituated object (C), whereas 
trimmed mice spent comparable time investigating novel and habituated textures (D). 
Student t-test was used for statistical analysis. **p < 0.01. Data are presented as mean 
± s.e.m. Numbers of mice analyzed are indicated in the figure. 
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As the integrity of the barrel cortex is necessary for this texture discrimination 

task (Chen and Zuo, 2015), we next asked if neonatal whisker trimming alters synaptic 

connectivity and dynamics in the barrel cortex. To do so, we imaged apical dendrites 

of L2/3 and L5 PNs in the barrel cortex over a 7-day interval of both control and 

trimmed mice at P30. We found that the spine density of both L2/3 and L5 PNs in 

trimmed mice were significantly lower than that of controls (Figure 4B, 0.47 ± 0.01 vs. 

0.38 ± 0.02 spines/μm for L5 PNs, p < 0.001; 0.90 ± 0.04 vs. 0.69 ± 0.05 spines/μm 

for L2/3 PNs, p < 0.05). Following the same dendrites over time, we also found that L5 

PNs in trimmed mice had significantly higher spine formation and elimination than in 

control mice (formation: 11.2 ± 1.0% vs. 7.2 ± 0.6%, p < 0.05; elimination: 17.0 ± 1.5% 

vs. 12.3 ± 0.7%, p < 0.01; Figure 4C,D). Interestingly, L2/3 PNs responded to trimming 

differently from L5 PNs, with trimmed mice showing lower spine formation than control 

mice (7.6 ± 0.9% vs. 14.6 ± 0.3%, p < 0.01), but comparable spine elimination (17.6 ± 

2.0% vs. 15.1 ± 0.6%, p > 0.7; Figure 4C,D). Together, these results suggest that 

neonatal sensory deprivation differentially affects the spine dynamics of PNs whose 

cell bodies reside in different layers, suggesting layer-specific rearrangements of 

excitatory connectivity.  
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Figure 4. Neonatal sensory deprivation alters whisker-dependent behavior, 
spine density and dynamics of L5 and L2/3 PNs in the barrel cortex. (A) Sensory-
deprived mice have defective whisker discrimination at P30. (B) Whisker-trimmed 
mice have significantly lower spine density on both L5 and L2/3 PNs, compared to 
age-matched controls. (C,D) Spine formation and elimination are altered in both L5 
and L2/3 PNs in the trimmed mice. Student’s t-test (A) and Kruskal-Wallis rank sum 
test followed by post-hoc multiple comparison (B-D) were used for statistical analysis. 
*p<0.05, **p<0.01, ***p<0.001. All data are presented as mean ± s.e.m. Numbers of 
mice analyzed are indicated in the figure. 
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2.5 Discussion 

Combining IUE and in vivo two-photon imaging, we examined the structural 

plasticity of apical dendritic tufts of either L2/3 or L5 PNs in the motor and barrel 

cortices. Our results show that spine density and baseline spine dynamics are 

significantly higher in L2/3 PNs than in L5 PNs at all ages and regions examined. The 

higher spine density in L2/3 PN has also been previously reported in adults (Holtmaat 

et al., 2005). Interestingly, spine density obtained in vivo varies among studies. Our 

measured spine density is consistent with some earlier studies (Zuo et al., 2005b; Yu 

et al., 2013; Hayashi-Takagi et al., 2014), but slightly higher than the data reported in 

other publications (Trachtenberg et al., 2002; Holtmaat et al., 2005). We found that 

while L5 PNs undergo a developmental decrease in the number of spines, due to 

significantly higher spine elimination compared to formation as shown previously 

(Holtmaat et al., 2005; Zuo et al., 2005a; Zuo et al., 2005b). Interestingly, L2/3 PNs 

maintain a constant number of spines as the animal develops. As pruning of 

supernumerary synapses is believed to be prevalent in the maturation of the nervous 

system (Lichtman, 1995; Lichtman and Colman, 2000; Pentajek et al., 2011), it is 

important for future research to determine whether our study missed an earlier phase 

(before P14) of spine pruning, or spine pruning indeed does not occur in L2/3 PNs. 

The difference in baseline spine dynamics may be due to different circuit connections 

of L2/3 and L5 PNs (Anderson et al., 2010; Feldmeyer, 2012; Hooks et al., 2013; 

Kaneko, 2013). It may also be a consequence of different neuronal activities of L2/3 

and L5 PNs (Petersen and Crochet, 2013). As most brain energy is spent on synaptic 

transmission, the difference in spine density and dynamics of L2/3 and L5 PNs may 

arise from the differences in their metabolic capacity (Harris et al., 2012). 
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We observed that L2/3 PNs fail to increase spine dynamics during motor 

learning. This result is consistent with a previous study showing that monocular 

deprivation increases spine formation and leads to higher spine density on the apical 

tufts of L5, but not L2/3, PNs in the binocular region of the mouse visual cortex (Hofer 

et al., 2009). A more recent work revealed pathway-specific increases in the formation 

of lateral amygdala axon boutons and dendritic spines of L5 PNs in the auditory cortex 

during fear conditioning, but no change in spine dynamics of L2/3 PNs (Yang et al., 

2016). Given their high baseline spine dynamics, L2/3 PNs may have already reached 

the metabolic ceiling under baseline conditions, so cannot support higher spine 

dynamics. However, lack of spine dynamics change does not exclude L2/3 PNs from 

participating in motor learning. In fact, studies have shown L2/3 PNs are responsive 

during motor skill learning. For example, in vivo calcium imaging has revealed a 

convergence of L2/3 PN activity as the animal perfects its motor behavior (Peters et 

al., 2014). Furthermore, motor skill learning occludes LTP between L2/3-L2/3 

connections and enhances LTD thereof in the motor cortex of rats (Rioult-Pedotti et 

al., 2000). These results suggest that motor learning may affect L2/3 PN connections 

via synaptic strengthening and weakening, rather than spine generation and removal. 

On the other hand, a recent study reports that spine dynamics on L2/3 PNs increases 

following a single session of treadmill training (Ma et al., 2016). This could be due to 

the different behavioral paradigms employed in this study and our work, which may 

involve different cortical circuits and thus evoke different spine remodeling patterns.  
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Many studies have shown that sensory experiences profoundly impact the 

organization and development of sensory cortices (Carvell and Simons, 1996; 

Majewska and Sur, 2003; Sadaka et al., 2003; Fox and Wong, 2005; Holtmaat et al., 

2006; Lee et al., 2009; Briner et al., 2010; Popescu and Ebner, 2010; Tropea et al., 

2010). Our results support this idea by showing that neonatal sensory deprivation 

leads to altered spine density/dynamics and defective whisker-dependent behavior. 

Our study, together with previous in vivo imaging studies, depicts a complex picture of 

sensory deprivation in the sensory cortex: the impact depends on the type of 

manipulation, the time window of manipulation, and the type of neurons (Fu and Zuo, 

2011; Medini, 2014). In the visual cortex, dark rearing increases spine motility on L5 

PNs (Tropea et al., 2010), and monocular deprivation increases spine formation on L5 

PNs in the binocular zone (Hofer et al., 2009). Recent work also reveals that, while the 

dynamics of spines on L2/3 PNs in the visual cortex does not change in response to 

monocular deprivation, the proportion of clustered dynamic spines increases (Chen et 

al., 2012b), and inhibitory synapses on spines are repeatedly assembled and removed 

(Villa et al., 2016). In the somatosensory cortex, trimming all whiskers decreases spine 

pruning (Zuo et al., 2005b), whereas chessboard trimming stabilizes new spines and 

destabilizes persistent spines in L5 PNs with complex apical tufts (Holtmaat et al., 

2006). On the other hand, sensory deprivation via follicle removal has been shown not 

to significantly alter L5 or L2/3 spine density and turnover, but to increase new 

persistent spine formation of L2/3 PNs (Schubert et al., 2013). While the above studies 

focused on the effect of sensory deprivation on adolescent and adult spine plasticity, 

our work focused on the delayed effects of neonatal sensory deprivation. Specifically, 

neonatal (P0-7) bilateral whisker trimming decreases spine density of both L5 and L2/3 
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PNs. It is possible that the decrease in spine density is due to a reduction in axonal 

branches from the thalamus (Wimmer et al., 2010), which may result in an overall 

decrease in excitatory inputs to the apical tufts. In addition to reduction in spine density 

in apical tufts of L5 and L2/3 PNs, we observed layer-specific changes in spine 

dynamics. Under our experimental paradigm, it is understandable that in response to 

neonatal whisker trimming L5 PNs exhibit higher spine formation and elimination 

(Figure 4), mimicking an immature stage of the developing brain. However, it is 

puzzling that L2/3 PNs in the trimmed mice decrease spine formation without changes 

in spine elimination. The difference in spine dynamics of L5 and L2/3 PNs in response 

to neonatal whisker trimming suggests that there are functional differences in sensory 

processing between L5 and L2/3 PNs. As a recent study challenges the canonical 

model of information flow in the rodent barrel cortex and questions the functional role 

of L2/3 PNs in sensory processing (Constantinople and Bruno, 2016), more studies 

are necessary to understand the synaptic organization and plasticity of L2/3 PNs.  

 

In summary, our data suggest different dynamic rules governing experience-

dependent structural plasticity of apical dendritic spines of PNs in different cortical 

layers. However, we cannot prove that new spines observed in this study all have 

synapses. Indeed, previous studies combining in vivo optical imaging with correlative 

electron microscopy or fluorescent labeling of synaptic proteins such as PSD95 have 

shown that not all new spines have synapses (Knott et al., 2006; Cane et al., 2014). 

In addition, previous studies have revealed that many of the new spines are transient 

(Xu et al., 2009, Yang et al., 2009), calling into question their long-term functional 

significance. Furthermore, the presynaptic partners of these spines remain elusive. 
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Thus, a comprehensive understanding of the reorganization of synaptic circuits 

requires concurrent imaging of pre- and post-synaptic elements as illustrated by a 

recent study on the amygdalocortical circuit (Yang et al., 2016), or correlative light and 

electron microscopy (Knott et al., 2006). 
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Chapter 3: Postnatal ablation of synaptic retinoic acid signaling impairs 

cortical information processing and sensory discrimination in mice 

 
3.1 Abstract 

Retinoic acid (RA) and its receptors (RARs) are well-established essential 

transcriptional regulators during embryonic development. Recent findings in cultured 

neurons identified an independent and critical post-transcriptional role of RA and 

RARα in the homeostatic regulation of excitatory and inhibitory synaptic transmission 

in mature neurons. However, the functional relevance of synaptic RA signaling in vivo 

has not been established. Using transcranial two-photon imaging, we found a 

significant increase in dendritic spine elimination on apical dendrites of somatosensory 

cortical layer 5 pyramidal neurons in mice with RARα conditionally ablated. 

Interestingly, whisker trimming rescued the excessive spine pruning observed in 

RARα-deficient mice suggesting that RA signaling plays a role in experience-

dependent plasticity. These results demonstrate the importance of RA signaling in vivo 

for dendritic spine morphology and highlight a different role for RARα in experience-

dependent plasticity.  

 

 
3.2 Introduction 

Retinoic acid (RA) and its nuclear retinoic acid receptors (RARs) play an 

important role in the development of the vertebrate central nervous system (Morriss-

Kay and Sokolova, 1996; Janesick et al., 2015). The most well-known function is 

transcriptional regulation of neurodevelopmental processes (Mark et al., 2009).  In 

contrast to RA’s well-established roles in embryonic development, RA signaling in the 
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adult brain is less understood. Recent work have shown RA and RARα to regulate 

homeostatic synaptic plasticity in cultured hippocampal neurons (Maghsoodi et al., 

2008; Sarti et al., 2013; Chen et al., 2014).  

 

During normal excitatory synaptic transmission, RARα acts as a translational 

repressor through direct binding to substrate mRNAs and keeps them translationally 

dormant. One of the mRNAs regulated by RA signaling is the α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptor (AMPAR) subunit GluA1 (Poon and Chen, 

2008). During synaptic inactivity, the resulting reduction in dendritic calcium level 

triggers synthesis of RA (Wang et al., 2011; Arendt et al., 2015b), which in turn binds 

to RARα and reduces its affinity for mRNA. Thus, releasing the brake on substrate 

mRNA translation (Poon and Chen, 2008) and allowing for dendritic protein synthesis 

(including GluA1) and insertion of GluA1-containing AMPAR subunits into the 

postsynaptic membrane, in turn increasing the excitatory synaptic strength 

(Maghsoodi et al., 2008). A concomitant depression of inhibitory synaptic transmission 

by RA through a protein synthesis-dependent mechanism has also been described 

(Sarti et al., 2013). Thus, RA rapidly modifies synaptic strength in response to synaptic 

silencing (Chen et al., 2014). Although initially described in the context of homeostatic 

plasticity, RA’s potential impact on Hebbian synaptic plasticity is now also beginning 

to emerge (Arendt et al., 2015a).  Together, these in vitro studies suggest that synaptic 

signaling mediated by RA and RARα may impact synaptic plasticity beyond 

homeostatic synaptic regulation (Yee et al., 2017). Whether and how synaptic RA 

signaling mediated by RARα impacts function of a neural circuit in vivo, however, 

remains largely unknown. 
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More than 90% of excitatory synapses in the mammalian brain are formed on 

dendritic spines (Gray, 1959). As the receiving side of synaptic inputs, dendritic spines 

contain the molecular components necessary for synaptic signaling and plasticity in 

the postsynaptic compartment; these include neurotransmitter receptors, postsynaptic 

scaffold proteins, cytoskeletal and adaptor proteins, and various signaling molecules 

(Nimchinsky et al., 2002; Sheng and Kim, 2011; Colgan and Yasuda, 2014). Spine 

morphology and density vary among neuronal types, across developmental stages, 

and in response to experiences such as sensory manipulation, environmental 

enrichment (EE), and learning (Nimchinsky et al., 2002; Konur et al., 2003; Lee et al., 

2007; Chen et al., 2015; Zhou et al., 2017). In the past two decades, live imaging 

studies have revealed a dynamic picture of spine formation and elimination, as well as 

their morphological changes (Holtmaat and Svoboda, 2009; Fu and Zuo, 2011; Chen 

and Nedivi, 2013; Chen et al., 2014a). Achieved through postsynaptic receptor 

trafficking in and out of the synaptic membrane, multiple forms of long-term synaptic 

plasticity involve changes of postsynaptic neurotransmitter receptor abundance 

(Huganir and Nicoll, 2013), which has been shown to correlate with sizes of spines 

(Hering and Sheng, 2001). Because RA signaling modulates local translation of 

synaptic proteins and affects synaptic strength (Maghsoodi et al., 2008; Poon and 

Chen, 2008), it is conceivable that its impact at synapses may also manifest as 

changes in spine morphology and dynamics.  

 

In this study, we investigated the role of RA signaling in structural connectivity 

of cortical circuits critical for sensory processing. Using RARα conditional knockout 
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mice (Chapellier et al., 2002; Sarti et al., 2012) for regional/cell type-specific deletion 

of RARα in the postnatal brain, we found that deletion of RARα in layer 5 (L5) 

pyramidal neurons (PNs) of S1 elevates spine elimination on apical dendrites. 

Interestingly, the increase in spine elimination required normal whisker sensory inputs. 

Additionally, enhanced sensory experience with an enriched environment (EE) 

reverses excessive spine elimination. These data suggest that RARα signaling 

participates in multifaceted synaptic remodeling in response to sensory experiences 

and influences cortical function.  

 

3.3 Materials and Methods 

 

Mice 

P27-P38 male and female littermates were used for this study. Breeding colonies were 

maintained and animal experiments were performed following protocols approved by 

APLAC at Stanford University and University of California Santa Cruz. Mice were 

group housed with littermates and maintained under a 12 hr daylight cycle. The 

RARαfl/fl mice (C57BL/6 background) were a generous gift from Dr. Pierre Cambon 

and Norbert Ghyselinck (IGBNC, Stasbourg, France) (Chapellier et al., 2002). These 

mice were crossed to the Thy1-YFP-H line (stock number 003782, Jackson 

Laboratory, Bar Harbor, ME) and an additional cross to CaMKIIα-Cre (Tsien et al., 

1996) (B6.Cg-Tg(CaMKIIα-Cre)T29-1Stl/J (Jackson Laboratory, Bar Harbor, ME) 

driver mice to obtain YFP expressing conditional KO mice.  
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In vivo transcranial imaging and data analysis 

Transcranial two-photon imaging and analysis of spine density and dynamics of apical 

dendritic tufts were performed as previously described (Zuo et al., 2005a; Xu et al., 

2009; Yu and Zuo, 2014). Spines were classified into four categories – mushroom, 

stubby, thin, and other spines – based on their lengths and head diameters using 

previously published criteria (Hodges et al., 2017). All images were analyzed using 

ImageJ. Spine density was calculated by dividing the number of spines by the length 

of the dendritic segment on which they reside. Percentage of spines eliminated or 

formed was calculated as the number of spines eliminated or formed over the total 

spines counted in the images obtained during the first imaging session.  

 

Sensory deprivation 

Whisker trimming was performed as previously described (Zuo et al., 2005b). 

Mystacial vibrissae on one side of the face (contralateral to the imaging area) were cut 

to skin level daily between the two images sessions (P30-37).  Control mice were 

handled similarly daily without whisker trimming.  

 

Environmental enrichment 

The environmental enrichment protocol was performed and adapted from a previous 

protocol (Benaroya-Milshtein et al., 2004). For imaging, following the first imaging 

session, mice were placed in cages (48 cm x 25 cm x 18 cm) filled with toys that vary 

in size, shape, material, texture, and color; these included items such as igloos with 

saucer type wheels, plastic tunnels, plastic tubing mazes, wooden logs, and metal 

running wheels for the mice to interact with. Before placement of the toys in the EE 
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cage, toys went through a cage wash and were wiped with 30% ethanol before being 

patted dry with a paper towel. To create a novel environment for the mice, the toy 

location and type of toy was changed every day in the morning.  

 

Experimental Design and Statistics 

Statistical analyses for spine data were performed using SigmaPlot 11 (RRID: 

SCR_003210). Total spine densities of WT and CaMKIIα-RARα cKO mice were 

directly compared using an unpaired two-tailed Student’s t-test. A two-way ANOVA 

followed by Holm-Sidak post hoc pairwise comparisons was used to compare the 

distribution of spine morphologies of WT and CaMKIIα-RARα cKO mice at P30, and 

to analyze if genotype and condition affected dynamics of total spines or different spine 

types. Statistical significance was defined as p < 0.05. 

 

3.4 Results 

3.4.1 RARα plays a role in experience-dependent spine elimination  

We previously found that deletion of RARα specifically in layer 5 excitatory 

neurons of the postnatal S1, wherein RARα expression is reduced by approximately 

80%, impairs whisker-dependent texture discrimination ability (Park et al., 2018). This 

suggests that expression of RARα is critical for normal somatosensory processing. We 

next asked what mechanism may underlie the impairment in sensory discrimination 

induced by loss of RA in this specific subset of S1 pyramidal neurons. Changes in 

synaptic connectivity through formation and elimination of dendritic spines correlate 

with functional changes in the brain (Kasai et al., 2010; Hayashi-Takagi et al., 2015). 

Recent work showed that spine loss and atrophy of S1 L5 PN apical dendrites 
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correlated with defects in texture discrimination in stressed mice (Chen et al., 2018). 

Thus, we investigated whether structural dynamics of dendritic spines are altered in 

mice with deleted RARα. To do so, we crossed the floxed RARα conditional knockout 

(RARαfl/fl) mice (Chapellier et al., 2002; Sarti et al., 2012) with CaMKIIα-Cre driver mice 

(Tsien et al., 1996) and further crossed these mice with with thy1-YFP-H mice (Feng 

et al., 2000) that express yellow fluorescent protein (YFP) in a subset of L5 PNs 

(hereinafter referred to as cKO mice). Using in vivo two-photon imaging, we followed 

the same apical dendritic branches of YFP+ L5 PNs in the superficial layer of S1 over 

7 days (Fig. 5A). We found that cKO mice had normal spine density (Fig. 5B) and 

distribution of different spine types (i.e. spines with different morphology; Fig. 5C) at 

P30. However, a closer examination revealed a small but significant increase in spines 

elimination over seven days in cKOs compared to WT littermates (Fig. 5D and 5E). By 

contrast, spine formation was comparable between genotypes (Fig. 5G). These data 

suggest that although RARα is not required for spine formation, it may be critical for 

the development and/or maintenance of more stable spines in particular. 

 

As experience-dependent postnatal spine elimination is important for the 

refinement of neuronal circuits (Zuo et al., 2005b), we next asked if elevated spine 

elimination in cKO mice requires sensory inputs. To do so, we trimmed the whiskers 

unilaterally and imaged the contralateral S1. Consistent with previous studies (Zuo et 

al., 2005b; Yu et al., 2013), we found that whisker trimming significantly reduced spine 

elimination, but not formation, in WT and even more so in cKO mice (Fig. 5E and 5G). 

As a result, whisker-trimmed WT and whisker-trimmed cKO mice exhibited similar 
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spine dynamics (Fig. 5E and 5G), suggesting that sensory inputs are required for the 

elevated spine elimination observed in cKO mice. 

 

As the morphology of dendritic spines correlates with their function and stability 

(Harris and Stevens, 1989; Matsuzaki et al., 2001; Matsuzaki et al., 2004; Kasai et al., 

2003), we analyzed the dynamics of imaged spines according to their morphological 

types (i.e., mushroom, thin, stubby and others). We found that thin spines were 

significantly more likely to disappear over 7 days than other types of spines in WT mice 

(Fig. 5F), consistent with the earlier finding that thin spines have a higher turnover rate 

and thus are more transient (Holtmaat et al., 2005; Bourne and Harris, 2007). The cKO 

mice showed a comparable level of thin spine elimination to the WT mice (Fig. 5F). 

However, a significantly higher percentage of mushroom and stubby spines were 

eliminated in the cKO mice compared to WT mice (Fig. 5F). By contrast, formation of 

all spine types was similar between WT and cKO mice (Fig. 5H). As mushroom spines 

are believed to be more functionally mature and stable (Harris et al., 1992; Bourne and 

Harris, 2007), our data suggest that disrupting RA signaling selectively affects the 

maintenance of stable, mature spines.  

 

We next asked whether sensory deprivation also affects different types of 

spines differentially. In WT mice, unilateral whisker trimming significantly reduced the 

elimination of thin spines, but not of other spine types (Fig. 5F). In cKO mice, by 

contrast, whisker trimming did not affect thin spine elimination, but decreased the 

elimination of mushroom and stubby spines to the same level as in whisker-trimmed 

WT mice (Fig. 5F). Moreover, we found that whisker trimming did not significantly alter 
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the formation of any spine types in WT or cKO mice (Fig. 5H). Together, these data 

suggest the importance of RARα for experience-dependent spine remodeling depends 

on the spine type. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Experience-dependent elimination of spines is elevated in L5 PNs of 
P30 CaMKIIα-RARα cKO mice. A, Representative images taken by in vivo 
transcranial imaging of YFP in WT and CaMKIIα-RARα cKO mice. Scale bar, 2 µm. B, 
Quantification of spine density in P30 WT and CaMKIIα-RARα cKO mice (7-12 
dendrites per animal were analyzed, Student’s t-test). C, Distribution of spine types in 
WT and CaMKIIα-RARα cKO mice (two-way ANOVA). D, Repeated imaging of the 
same dendritic branches over a 7-day interval in the barrel cortex of WT and cKO mice 
under control conditions reveal newly formed spines (arrowheads), and eliminated 
spines (arrows). Scale bar, 2 μm. E, Quantification of the percentages of spines 
eliminated over 7 days in the barrel cortex of WT and cKO mice under control and 
trimmed conditions (Trim) (* p < 0.05; *** p < 0.001, two-way ANOVA). F, 
Quantification of the percentages of eliminated spine types normalized to total spines 
eliminated (** p < 0.01; *** p < 0.001, two-way ANOVA). G, Quantification of the 
percentages of spines formed over 7 days in the barrel cortex of WT and cKO mice 
under control and whisker trimmed conditions (two-way ANOVA).  H, Quantification of 
the percentages of formed spine types normalized to total spines formed (two-way 
ANOVA). In all graphs, data represent average mean ± SEM, and n indicates the 
numbers of mice analyzed.  



 

 56 

 



 

 57 

3.4.2 Enriched environment improves sensory discrimination and alters spine 

dynamics in cKO mice 

An enriched environment (EE) promotes neurogenesis and synaptic plasticity 

in various brain regions, and improves cognitive performance in many behavioral tasks 

(Eckert and Abraham, 2013), we next sought to determine whether EE improved 

sensory discrimination ability and alter spine dynamics. Indeed, EE improved sensory 

discrimination ability in cKO mice. To determine, whether EE resulted in alterations in 

spine dynamics, we first imaged spines at P30, then subjected the mice to EE, and re-

imaged the same spines seven days later (Fig. 6A). Consistent with previous findings, 

EE increased both spine formation and elimination in WT mice (Fig. 6B and 6D) (Yang 

et al., 2009; Fu et al., 2012; Yu et al., 2013). Interestingly, EE decreased spine 

elimination without changing spine formation in cKO mice, rendering the spine 

dynamics comparable to that of WT mice raised in standard cages (Fig. 6B and 6D). 

Further analysis revealed that EE significantly increased the elimination of mushroom 

and stubby spines in the WT mice, but paradoxically reduced the elimination of stubby 

spines in the cKO mice (Fig. 6C). Additionally, EE increased mushroom spine 

formation in WT mice, but not in cKO mice (Fig. 6E). Taken together, EE affects spine 

dynamics of cKO and WT mice in different ways: cKO mice housed under EE condition 

exhibit comparable spine dynamics to WT mice housed in standard cages. 
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Figure 6. Effects of enriched environment on spine dynamics in CaMKIIα-RARα 
cKO mice. A, Diagram of EE and in vivo spine imaging protocol. B, Quantification of 
the percentages of spines eliminated over 7 days in the barrel cortex of WT and 
CaMKIIα-RARα cKO mice under control and EE conditions (** p < 0.01; and *** p < 
0.001, two-way ANOVA). C, Quantification of the percentages of eliminated spine 
types normalized to total spines eliminated (*, p < 0.05; ** p < 0.01; *** p < 0.001, two-
way ANOVA). D, Quantification of the percentages of spines formed over 7 days in 
the barrel cortex of WT and CaMKIIα-RARα cKO mice under control and EE conditions 
(** p < 0.01, two-way ANOVA). E, Quantification of the percentages of formed spine 
types normalized to total spines formed (** p < 0.01 and *** p < 0.001, two-way 
ANOVA). In all graphs, data represent mean values ± SEM and n indicates the 
numbers of mice analyzed.  
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3.5 Discussion 

In this study, we focused on the in vivo function of RA signaling, the importance 

of which in synaptic function and plasticity has been well established in vitro (Chen et 

al., 2014b; Arendt et al., 2015a). Here, we tested the in vivo significance of synaptic 

RA signaling by examining the impact of postnatal RARα deletion on dendritic spine 

dynamics in pyramidal neurons of the somatosensory cortex. We previously showed 

that postnatal deletion of RARα in layer 5 PNs of the somatosensory cortex impaired 

texture discrimination ability (Park et al., 2018). This behavioral impairment co-occurs 

with an increase in spine elimination, but not spine formation, suggesting RARα plays 

a critical role in maintenance of spines. This raises the question as to how the increase 

in spine elimination due to impaired RA signaling through RARα deletion in L5 PNs 

contributes to impaired texture discrimination. L5 PNs are known to promote efficient 

cortical output to eventually guide behavior (Gilbert and Sigman, 2007, Manita et al., 

2015). Recent work demonstrated secondary motor cortex (M2)-S1 top-down 

activation of apical dendrites of L5 PNs plays a role in accurate sensory perception 

(Manita et al., 2015). It is possible that the elimination of these spines due to RARα 

deletion may remodel the strength of connections from inputs such as M2 and 

subsequently affect L5 PN’s activity to ultimately promote accurate sensory 

perception.  

 

The presence of a dendritic spine does not always equate to the presence of 

an active functional synapse (Bourne and Harris, 2008). However, dendritic spine size 

is positively correlated with synaptic strength. Dendritic spines with large heads 
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(mushroom-shaped) exhibit more AMPA receptors and stronger excitatory 

postsynaptic response (Matsuzaki et al., 2001) and remain stable for a longer period 

compared to thin spines (Grutzendler et al., 2002; Trachtenberg et al., 2002; Holtmaat 

et al., 2005). Thus, they are considered to be more functionally mature and more likely 

to have functional synapses. Morphological classifications of spines showed that the 

RARα deletion led to a selective increase in the elimination of mushroom and stubby 

spines, with no obvious effect on thin spines. The elimination of mushroom-shaped 

spines suggests that RARα functions in active functional synapses, which are usually 

formed on mature spines. This idea is further supported by the fact that we observed 

a rescue in spine elimination in whisker-trimmed cKO mice. One possible explanation 

of this rescue is that the impact of RARα on spine elimination is activity-dependent. 

Thus, the lack of sensory input reduces the activity differences between strong 

(mushroom) and weak (thin) spines. It is reasonable to speculate that deletion of RARα 

will have a significant impact on the function of active functional synapses, and 

ultimately affect L5 PNs dendritic activity.  

 

As EE is known to influence the structural dynamics of dendritic spines (Jung 

et al., 2014), we next asked whether EE can rescue the spine phenotype found in cKO 

mice. Unexpectedly, EE only partially restored spine dynamics of cKO mice back to 

those of WT with standard cage experience despite the normal texture discrimination 

behavior. Given how sensory deprivation through whisker trimming reverses the 

excessive spine elimination observed in RARα-deficient mice raised in standard cage 

conditions, it is unclear as to why EE does not exacerbate abnormal spine dynamics 

in cKO mice. One important point to consider is that sensory deprivation (i.e. whisker 
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trimming), which results in a decrease in spine elimination, is very different from EE. 

Sensory deprivation eliminates sensory input that is critical for elimination of exuberant 

connections that were initially formed during spinogenesis to ensure correct functional 

connectivity and to form a mature neuronal network. EE is not merely an increase in 

sensory input, but has a broad influence on various neural circuits involved in sensory 

processing, motor generation, memory formation and other cognitive and emotional 

functions. This is demonstrated by studies showing that EE results in various effects 

such as increased gliogenesis, hippocampal neurogenesis, and enhanced 

synaptogenesis. With respect to structural changes of spines, EE increases both spine 

elimination and formation suggesting that EE results in different types of structural 

changes. EE might alter spine dynamics in 2 ways: 1) by enhancing flexibility, allowing 

for more transient spines that could be transformed into functional synapses and 2) by 

increasing the number of functional synapses, as observed with an increase in 

formation of mushroom spines, resulting in a higher connectivity. Thus, it is 

conceivable that multiple forms of synaptic plasticity are induced by EE, and that these 

synaptic changes rewire neural circuits to enable the mouse to better adapt to its 

environment.  

      

Our study took advantage of the rich array of mouse genetic tools to dissect 

the function of RARα in sensory discrimination in an in vivo setting and provides 

hopefully compelling evidence for a role of synaptic RA signaling in experience-

dependent spine dynamics and cortical circuit function. Future experiments is 

necessary to elucidate how regulation of synaptic and spine function is achieved 
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through synaptic RA signaling, and how altered RA signaling leads to aberrant circuit 

activity that gives rise to altered behavioral output. 

Chapter 4: Unpredictable mild stress impairs local circuits critical for sensory 

processing 

4.1 Abstract 

Stress has been shown to adversely affect sensory processing in humans. 

However, little is known about how disruption of sensory processing following stress 

results in a behavioral defect. To address this, we combined in vivo two photon calcium 

imaging and behavioral analysis to measure functional responses of layers 2/3 (L2/3) 

neurons in awake, behaving animals during novel texture discrimination. Consistent 

with previous reports, we found that unpredictable mild stress impairs novelty-driven 

exploration, but not locomotion or whisking. In vivo two photon calcium imaging 

revealed a significant increase in average transient activity, which was correlated with 

ability to discriminate novel textures.  The increase in average transient activity was 

due to an increase in mean transient amplitude. Thus, our data demonstrate that 

unpredictable mild stress increases the activity of L2/3 PNs, which are known to 

display sparse activity that is effective for coding. Thus, the increase in activity levels 

may decrease signal to noise ratios, impacting their ability to process information 

necessary for normal texture discrimination. 

 
 
4.2 Introduction 

Prolonged and recurring exposure to stress results in behavioral impairments 

and cognitive deficits. Under extreme circumstances, stress can exacerbate 

symptoms and serve as a risk factor for many psychiatric and neurological disorders, 
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including generalized anxiety disorder, depression, bipolar disorder, and post-

traumatic stress disorder (PTSD) (de Kloet et al., 2005; Schneiderman et al., 2005). 

Interestingly, many individuals with these disorders also display sensory processing 

dysfunction, characterized by either an under or over responsiveness to sensory 

information (Serafini et al., 2017; Mueller-Pfeiffer et al., 2013). For example, 

individuals diagnosed with depression or anxiety reported elevated sensory sensitivity, 

described as experiencing discomfort with regular/non-aversive sensations or 

avoidance of certain sensory experiences (Serafini et al., 2017), suggesting an inability 

to appropriately respond to a sensory experience. Functional imaging and 

electrophysiological studies of patients with PTSD show altered visual, auditory and 

somatosensory processing, such as reductions in task related activity in the ventral 

visual processing stream (Mueller-Pfeiffer et al., 2013), difficulties in filtering out 

irrelevant auditory and visual sensory input (Holstein et al., 2010), and reductions in 

somatosensory responses to non-threatening touch (Badura-Brack et al., 2015). Thus, 

sensory processing alterations are linked to behavioral and attentional dysfunction and 

are disruptive to daily life. Understanding how stress can modulate the underlying 

neuronal circuits that contribute to sensory processing is important to developing 

approaches to improve stress-induced symptoms. 

 

Sensory processing is a brain function essential for animals to properly 

perceive and react to the external environment. Thus, primary sensory cortices must 

be efficient at processing sensory information. One primary sensory modality that is 

well-studied in rodents is the whisker-primary somatosensory cortex (S1) system. The 

whisker system is one of the most important senses used by rodents to obtain spatial 
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and textural sensory information about their environment. Studies have shed light on 

the functional role of L2/3 neurons in S1 during sensory processing. These findings 

point out two functional properties of L2/3 neurons: sparse activity and high selectivity 

to specific patterns/types of inputs. Most L2/3 neurons fire very few action potentials, 

even in the presence of sensory stimulation, and only a small fraction of L2/3 neurons 

fire strongly and reliably in response to specific sensory features. This sparse activity 

is essential for information to be interpreted by downstream neurons (Petersen and 

Crochet, 2013). Subsets of L2/3 neurons were found to be selectively activated by 

texture coarseness (Garion et al., 2014) and hit trials during reward-based texture 

discrimination paradigm (Chen et al., 2013). This selectivity leads to an explicit 

representation, in which subsets of L2/3 neurons can indicate what texture is being 

shown. Overall, L2/3 neurons plays a role in texture encoding and processing of 

texture discrimination.  

 

Stress results in many cognitive deficits, including sensory processing deficits 

(Chen et al., 2018). Evidence has indicated that these deficits are the results of range 

of functional and structural changes in neurons. However, it is unclear how stress, 

specifically unpredictable mild stress (UMS), impacts the activity of L2/3 neurons in 

S1, and whether this contributes to sensory processing dysfunction. In the present 

study, we quantified activity dynamics in awake, behaving mice via in vivo calcium 

imaging to investigate how short term unpredictable mild stress affects neural coding 

of tactile information in L2/3 during active texture discrimination. Our data show that 

stress impairs novel texture discrimination, and is accompanied by an increase in 

average transient activity. These findings reveal that stress alters the intrinsic activity 
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of L2/3 neurons, which may affect how information is interpreted by downstream 

neurons. 

 

4.3 Materials and Methods 

Mice 

P30-P70 male and female littermates were used for this study. Breeding colonies were 

maintained and animal experiments were performed following protocols approved by 

University of California, Santa Cruz. Mice were group housed with littermates and 

maintained under a 12 hr light/dark cycle. 

 

Cranial window implantation and viral injections 

Craniotomy and viral injections were performed on male and female adolescent 

(postnatal day 30) mice. A circular craniotomy was made over the right somatosensory 

cortex (4 mm in diameter). AAV2/1-syn-GCaMP6f was then injected into S1, targeting 

L2/3 (2mm posterior to Bregma, 3 mm lateral, approximately 150-200 um below the 

pial surface). Two injections (~150 nl per site; depth: 150-200 um) were made within 

the craniotomy. After which, a sterile glass window (a small round glass coverslip-

diameter 2.3 mm glued to an overlaying annular glass coverslip-“Doughnut”, #1-1.5, 

inner diameter 2 mm, outer diameter 3mm) was gently inserted so that the small 

coverslip sits within the cranial window against the brain surface. Cyanoacrylate glue 

was applied around the rim of the glass doughnut. A stainless steel head plate for 

head fixation was implanted on the skull, using dental acrylic. Mice were recovered on 

a heating pad and returned to their home cages when ambulatory. 
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Unpredictable mild stress paradigm 

This procedure followed a fixed weekly schedule of commonly used mild stressors with 

minor modifications (Mineur et al., 2003) such as restraint stress, space reduction in 

the home cage, wet bedding, social interaction with other animals, overnight 

illumination, social isolation, cage tilt, island isolation, empty cage, intermittent air puff, 

food deprivation, and foreign objects.  

 

Head fixed texture discrimination paradigm 

Three weeks after chronic window implantation, mice were handled approximately 5-

10 min for two days in order to habituate them to the experimenter. To familiarize mice 

with the head-fixed set up, mice were initially trained to run in the dark in the mobile 

homecage (MHC, Neurotar). This training session consist of two 2-hour sessions each 

day for 6 days. The testing day consists of 4 phases: exploration, encoding, resting, 

and testing. In the exploration phase, mice were allowed to explore the MHC freely for 

5 min. In the encoding phase, mice were presented with two identical textures on the 

wall of MHC and allowed to explore for 15 min. Identical sandpapers (220 grits) were 

used as texture stimuli during encoding. Then, in the resting phase, the textures were 

removed, and the mice were allowed to explore the empty MHC for 10 min. For the 

testing phase, two different textures were presented, one identical to the encoding 

phase texture and the other a novel texture, and the mice explored the chamber freely 

for 15 min. Rough sandpaper (60 grit) served as the novel texture and smoother 

sandpaper (220 grit) served as the familiar texture. Mouse interactions with the two 

textures was videotaped with an infrared camera and analyzed offline. Discrimination 
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index was quantified as total time investigating on novel texture – total time spent on 

familiar texture/ total time spent on textures.  

 

In vivo two-photon calcium imaging and image processing/analysis 

To study the activity of layer 2/3 neurons in the motor cortex during head fixed texture 

discrimination, well-trained mice expressing GCaMP6f in S1 layer 2/3were imaged 

using a two-photon microscope (Bruker). A 16x 0.8 NA water immersion objective 

(Olympus) with a pulsed laser excitation wavelength at 940 nm (laser) and a resonant 

scanner system were used. Images were acquired with Prairie View software at 30 Hz 

(512x512 pixels, 150-200 um beneath the pial surface). Reference surface vasculature 

images were obtained to match imaging sites between different calcium imaging days. 

Imaging sessions consisted of 5 min of exploration in MHC, followed by 15 min of 

encoding, 10 min of rest, and finally 15 min of testing. All raw images were imported 

into ImageJ and processed to correct translational brain motion artifacts using a plugin 

named “Moco” for ImageJ (Dubbs et al., 2016). After motion correction, raw images 

were downsampled to 10Hz. Regions of interest (ROIs) corresponding to individual 

neurons were manually hand-drawn from the standard deviation projection image of a 

single-trial series using ImageJ. Mean pixel intensity for each ROI was extracted and 

transformed into dF/F0 values, in which the baseline was defined by the corresponding 

50th percentile value of the ROI’s fluorescence within a 300-sec sliding window. This 

time window was used due to the long session of imaging where F0 can vary over time. 

 

Post-hoc immunofluorescence   



 

 68 

To verify sites of viral injection following behavioral studies, mice were perfused with 

4% paraformaldehyde in PBS and incubated in 30% sucrose and 4% 

paraformaldehyde in PBS overnight. The brains were then sectioned with a vibratome 

into 40 µm coronal sections and mounted on a slide glass using mounting solution 

(Fluoromount, CA). Images of 2 sections from S1 were taken per animal and images 

were acquired using a Zeiss Axioimager with a 10x (NA=0.25) objective.   

 

Data and Statistical Analysis 

Data were analyzed using custom-written MATLAB routines. Average values are the 

mean +/- SEM unless stated otherwise.  Statistical analyses for all data were 

performed using Graphpad Prism 7. Statistical significance was defined as p < 0.05. 

 

4.4 Results 

4.4.1 Stress impairs texture discrimination ability 

Mice discriminate tactile features using their whiskers, and this behavior relies 

on normal sensory processing in S1. We began by adapting a whisker-dependent 

novel texture discrimination test (Wu et al., 2013) to a head-fixed condition (Figure 7A) 

to enable simultaneous examination of neuronal activity during novel texture 

discrimination. Mice were first trained to run in the mobile homecage chamber (MHC; 

Neurotar) (Figure 7A). Testing day consisted of 4 phases: exploration, encoding, rest, 

and testing. During encoding, mice were presented with two identical textures (220 grit 

sandpaper) for 15 minutes after which, mice were left in the cage for a 10-minute break 

while both textures were removed. Then, the textures were replaced: one with the 

same texture (“familiar”, 220 grit sandpaper) and the other with a rough texture 
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(“novel”, 60 grit sandpaper) (Figure 7A). The mice were allowed to explore freely for 

another fifteen minutes. Head fixed testing phase was extended to ensure the 

interaction time with the texture was comparable with freely moving mice (Figure 8A-

C). Importantly, there was no significant difference in the percent of the total time spent 

investigating the two textures between freely moving and head-fixed conditions, 

confirming that head fixed mice can perform this task as well as freely moving mice 

(Figure 8D-E).  

 

We then considered whether 7d UMS will lead to a behavioral deficit in this 

head-fixed novel texture discrimination task. The average duration and total time that 

stressed and unstressed control mice spent performing behaviors such as running, 

whisking, and exploring each texture was measured (Figure 7B). During the testing 

phase, control mice spend more time investigating the novel texture, as evidenced by 

the discrimination index (DI) and the average contact time showing novelty-driven 

exploration (Figure 7C).  However, the discrimination index was significantly 

decreased in stressed mice, suggesting an impairment in novelty texture 

discrimination (Figure 7C). This is further corroborated by the fact that the average 

contact time investigating the novel texture was comparable to the familiar texture in 

stressed mice (Figure 7C). To determine if this impairment could be due to 

impairments in other behaviors such as locomotion and whisking, we looked at the 

total time spent whisking and running and found that control and stressed mice did not 

differ in their percent time whisking or running, suggesting that the deficit in novel 

texture discrimination in the stressed mice is not due to changes in locomotion and 

whisking (Figure 9A-B). However, we did observe a significant increase in percent time 
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running while whisking, which could possibly suggest an aversion to certain sensory 

experiences similar to human studies mentioned above (Figure 10C). More 

importantly, control and stressed mice did not differ in the total time spent investigating 

textures, nor in the average time spent investigating textures during the encoding 

phase (Figure 7E-F). This is further corroborated by the comparable average contact 

ratio and number of contacts during encoding (Figure 10A-B). Taken together, this 

indicates that UMS impaired novel texture discrimination ability, suggesting an 

alteration in neuronal circuits responsible for transformation of sensory signals critical 

for novelty driven exploration. 
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Figure 7. Impaired novel texture discrimination in stressed mice. (A) Left: 
schematic diagram of the experimental design for training in the head fixed texture 
discrimination task. Right: trial structure of novel texture discrimination task: 5 min of 
exploration, 15 min of encoding, 10 min of rest, and 15 min of testing i.e. mice are 
presented with a familiar and novel texture. (B) Example time course of running, 
whisking, and texture investigation over 15 minutes of the encoding and testing phases 
for representative control and stressed mice. (C) Left: Discrimination index between 
stressed and unstressed mice during the testing phase. Right: quantification of the 
ratio between the average duration investigating novel and familiar textures. (D) Left: 
total time spent investigating both textures (220 grits) during encoding. Right: average 
duration of investigation event for both textures during encoding. 
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Figure 8. Head-fixed mice perform the novel texture discrimination task as well 
as freely-moving mice.  (A-B) Schematic diagram of free moving (A) and head-fixed 
(B) testing paradigms, each consisting of 3 phases: encoding, rest, and testing. (C) 
Quantification of interaction time with both textures during testing phase for free-
moving and head-fixed paradigms (D-E) Quantification of time investigating textures 
during the encoding (D) and testing (E) phases for free-moving and head-fixed testing 
paradigms.  
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Figure 9. Stress does not alter whisking and running behavior. (A) Quantification 
of percent time running (left panel) and whisking (right panel) during 15 min of 
encoding. (B) Quantification of percent time running (left panel) and whisking (right 
panel) during 15 min of testing. (C) Left: Quantification of percent time spent whisking 
while running. Right: Quantification of percent time running while whisking. (D) 
Quantification of percent time whisking over air, wall, and textures. 
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Figure 10. Stress does not alter encoding of textures. (A) Left: Ratio of average 
contact duration for texture during the encoding phase. Right: the number of 
approaches to textures during encoding. (B) Comparison of average contact duration 
for each of the texture stimuli during encoding and testing between control and 
stressed mice. 



 

 75 

 

 

 

4.4.2 Average transient activity is increased in L2/3 neurons following stress 

Having identified impairments in sensory processing following UMS, we next 

asked what circuit-level alterations might underlie this novel texture discrimination 
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deficit. In light of various studies suggesting that stress results in hyperexcitability in 

certain cortical regions such as the amygdala and S1 (Roozendaal et al., 2009; Chen 

et al., 2018), we first investigated whether UMS induces abnormal activity of L2/3 

neurons in S1 using in vivo two photon calcium imaging. We specifically focused on 

L2/3 neurons as they have been shown to play a role in the execution of reward-based 

texture discrimination (Chen et al., 2013). We implanted a cranial window and 

unilaterally injected AAV encoding the green calcium indicator GCaMP6f driven by the 

synapsin promoter (AAV2/1-syn-GCaMP6f) into L2/3 of S1 of P30 C57Bl/6 mice 

(Figure 11A-B). After approximately 4 weeks of recovery, incubation, and training in 

the head-fixed homecage system, we analyzed the activity of S1 L2/3 neurons before 

and after 7 days UMS. We recorded activity from a heterogeneous population of L2/3 

neurons, including both excitatory and inhibitory neurons, in awake mice that were fully 

acclimated to the experimental apparatus (Neurotar). We measured calcium activity, 

defined by the change in mean pixel intensity, in the neurons over 5 minutes while the 

mice ran around in the Neurotar. Consistent with previous studies, L2/3 neurons 

exhibited diverse responses (Figure 11D). The majority of L2/3 neurons were silent, 

with only a few highly responsive cells apparent in control mice (Figure 11E).  

However, following 7d UMS, we observed an increase in the number of 

responsive/active cells during the exploration phase relative to the number of active 

cells imaged prior to stress (Figure 11E and 11F). We next asked if this was true at 

the population level and indeed, stress resulted in a significant increase in average 

calcium activity across all cells, which was not observed in controls (Figure 11G and 

11H). Interestingly, this increase in average calcium activity following stress was 

inversely correlated to the average calcium activity before stress, suggesting a ceiling 
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effect i.e. mice with a higher average activity before stress are not able to increase 

their activity further following stress (Figure 11I). 

 

Given that we observed an increase in average transient activity during 

exploration, we asked if there was also a change in activity during texture 

discrimination (Figure 12A). Similar to exploration, the average calcium activity across 

all cells was increased during the texture discrimination testing following 7d UMS 

(Figure 12B). The increase in average calcium activity was due to an increase in mean 

amplitude, rather than a change in mean frequency of peaks (Figure 12D and 12E). 

Interestingly, this increase in average calcium activity following stress was inversely 

correlated to the average calcium activity before stress (Figure 12C), suggesting that 

the overall neuronal activity level of an animal might be a predictor for its discrimination 

ability. Taken together, 7d UMS increases neuronal activity by increasing the 

amplitude of calcium signals, suggesting either an increase in L2/3 neuron intrinsic 

excitability of L2/3 neurons or a change in the relative strengths of excitatory and 

inhibitory inputs onto these neurons. 

 

 
Figure 11. In vivo calcium imaging of L2/3 neurons in S1 before and after stress. 
(A) Schematic of craniotomy, viral injection, and calcium imaging. (B) Representative 
coronal section (2.5x) of labeled L2/3 neurons in S1 injected with AAV2/1-syn-
GCaMP6f. Scale bar, 500 µm. (C) Example field of view for two-photon calcium 
imaging (standard deviation projection over time during encoding) with ROIs manually 
selected (right). (D) Raw single traces (blue) and detected peaks (red) of four 
examples L2/3 neurons during encoding. (E) Temporal profiles of responses (dF/F0) 
of the same animal during exploration before and after stress. (F) Average calcium 
activity of all L2/3 neurons during exploration pre and post-stress. (G) Average calcium 
activity of each control mouse at d0 and d7. (H) Correlation of average calcium activity 
before stress versus percent increase in activity after stress. In all graphs, data 
represent mean values ± SEM.  
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Figure 12. The increase in average activity following 7d UMS is due to an 
increase in average amplitude. (A) Temporal profiles of responses (dF/F0) of the 
same animal during encoding and testing before and after stress. (B) Average calcium 
activity of all neurons during exploration pre and post-stress. (C) Correlation of 
average calcium activity versus discrimination index. (D) Mean frequency of transient 
peaks as measured by the number of peaks divided by the 15 minute imaging session. 
(E) Average amplitude of transient peaks during testing.  
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4.5 Discussion 

Here, we examined the activity of L2/3 neurons during a novel texture 

discrimination task in control mice and mice that underwent 7d UMS. Previous studies 

have nicely established the neural correlates of sensory processing in tasks where 

mice are trained to discriminate two distinguishable stimuli in order to initiate different 

behaviors e.g. lick or not. An important observation is that these texture discrimination 

tasks requires the mice to associate one particular texture with reward delivery, which 

involves reward circuitry that may modify the responses of cells and alter the nature of 

the neural code. Hence, we adapted a whisker-based task based on novelty for head-

restrained mice; however, this may result in distinctly different responses of L2/3 

neurons when compared to reward-based tasks. In this task, control mice spend more 

time investigating a novel texture, as demonstrated by the discrimination index and 

average contact duration showing novelty-driven exploration. However, stressed mice 

displayed a decrease in discrimination index and average contact time during testing 

compared to unstressed controls. Importantly, there was no significant difference in 

texture encoding between control and stressed mice, suggesting that stress did not 

impact exploration of textures in general. This texture-discrimination deficit was 

accompanied by an increase in average activity of L2/3 neurons in S1, specifically an 

increase in amplitude. A recent study demonstrated that whisker-associated fear 

learning reduces the total network activity (average activity across all neurons), 

suggesting that lower activity decreases crosstalk and likely improves cortical 

information processing (Gdalyahu et al., 2012). Thus, the increase in activity following 

stress may mean a decrease in robustness of coding in terms of signal to noise, and 

an increase in crosstalk between neurons, ultimately altering information processing. 
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Taken together, our data demonstrate that stress increases the activity of L2/3 

neurons, perhaps impacting their ability to process sensory information necessary for 

texture discrimination.  

 

A major effect of 7d UMS seen in the present study was an increase in average 

transient activity. There are several possibilities by which stress could increase 

average transient activity: 1) alteration in intrinsic excitability of L2/3 neurons, 2) 

alteration in feed-forward inhibition from L4, and 3) alteration in feedback projections 

from S2. It has been reported that stress increases trafficking of NMDARs to the 

synaptic membrane in the PFC (Yuen et al., 2011). Thus, one possible effect of stress 

in L2/3 neurons in S1 is the increased trafficking of NMDARs to the cell membrane, 

which may result in increased neuronal excitability. However, future work with 

electrophysiology will be required to confirm this. It is believed that sensory input 

engages feed-forward inhibition to render most L2/3 PNs to be sparsely responsive so 

that only a small fraction of L2/3 neurons can be active at any given time (Crochet et 

al., 2011). The regulation of L2/3 neurons by feed-forward inhibition from L4 may play 

a key role in selecting active ensembles of neurons critical for certain behavioral tasks. 

An alteration in feed-forward inhibition from L4 to L2/3 as a result of stress might 

explain the increase in activity, as observed in another study looking at restraint stress 

(Chen et al., 2018). Feed-forward inhibition plays a crucial role in shaping spontaneous 

and sensory-evoked activity by suppressing spontaneous firing. The information a 

neuron receives about a stimulus depends on the differences between evoked and 

spontaneous activity (Sakata and Harris, 2009). One speculation is that alterations in 

feed-forward inhibition may affect the ratio between evoked and spontaneous activity, 
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which could disrupt the responses of L2/3 neurons to specific stimuli and alter the 

activity pattern of a population of cortical neurons necessary for discrimination. Finally, 

it has been speculated that connections between S2 and S1 may play an important 

role for development of neuronal responses that reflect behavioral outcome (Kwon et 

al., 2016). It is possible that stress results in alterations in feedforward and feedback 

cortico-cortical axons between S1 and S2.  

 

Our study combined in vivo two photon imaging and novel texture 

discrimination behavior to understand how stress leads to increased transient activity 

in S1 L2/3 neurons, which ultimately alter sensory processing. A limitation of our work 

is that we recorded activity from a heterogeneous population of neurons in L2/3. Thus, 

future experiments are necessary to elucidate how stress alters the intrinsic excitability 

of specific populations of excitatory and inhibitory neurons. Such studies will allow us 

to better understand the microcircuit contributions to disrupted sensory processing 

following unpredictable mild stress. 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 



 

 83 

References: 
 
Allen, C.B., Celikel, T., Feldman, D.E. (2003). Long-term depression induced by 

sensory deprivation during cortical map plasticity in vivo. Nature Neuroscience 6, 

291-299. 

Anderson, C.T., Sheets, P.L., Kiritani, T., and Shepherd, G.M. (2010). Sublayer-

specific microcircuits of corticospinal and corticostriatal neurons in motor cortex. 

Nature Neuroscience 13, 739-744. 

Antonelli, M.C., Pallares, M.E., Ceccatelli, S., and Spulber, S. (2017). Long-term 

consequences of prenatal stress and neurotoxicants exposure on 

neurodevelopment. Prog Neurobiol 155, 21-35. 

Aoto, J., Nam, C.I., Poon, M.M., Ting, P., and Chen, L. (2008). Synaptic signaling by 

all-trans retinoic acid in homeostatic synaptic plasticity. Neuron 60, 308-320. 

Arendt, K.L., Sarti, F., and Chen, L. (2013). Chronic inactivation of a neural circuit 

enhances LTP by inducing silent synapse formation. J Neurosci 33, 2087-2096. 

Arendt, K.L., Zhang, Y., Jurado, S., Malenka, R.C., Sudhof, T.C., and Chen, L. 

(2015). Retinoic Acid and LTP Recruit Postsynaptic AMPA Receptors Using Distinct 

SNARE-Dependent Mechanisms. Neuron 86, 442-456. 

Arendt, K.L., Zhang, Z., Ganesan, S., Hintze, M., Shin, M.M., Tang, Y., Cho, A., 

Graef, I.A., and Chen, L. (2015). Calcineurin mediates homeostatic synaptic plasticity 

by regulating retinoic acid synthesis. Proceedings of the National Academy of 

Sciences of the United States of America 112, E5744-5752. 

Arlotta, P., Molyneaux, B.J., Chen, J., Inoue, J., Kominami, R., and Macklis, J.D. 

(2005). Neuronal subtype-specific genes that control corticospinal motor neuron 

development in vivo. Neuron 45, 207-221. 



 

 84 

Aronoff, R., Matyas, F., Mateo, C., Ciron, C., Schneider, B., and Petersen, C.C. 

(2010). Long-range connectivity of mouse primary somatosensory barrel cortex. Eur 

J Neurosci 31, 2221-2233. 

Attardo, A., Fitzgerald, J.E., and Schnitzer, M.J. (2015). Impermanence of dendritic 

spines in live adult CA1 hippocampus. Nature 523, 592-596. 

Audette, N.J., Urban-Ciecko, J., Matsushita, M., Barth, A.L. (2018). POm 

thalamocortical input drives layer-specific microcircuits in somatosensory cortex. 

Cereb Cortex 28, 1312-1328. 

Badura-Brack, A.S., Becker, K.M., McDermott, T.J., Ryan, T.J., Becker, M.M., 

Hearley, A.R., Heinrichs-Graham, E., and Wilson, T.W. (2015). Decreased 

somatosensory activity to non-threatening touch in combat veterans with 

posttraumatic stress disorder. Psychiatry Research 233, 194-200. 

Benaroya-Milshtein, N., Hollander, N., Apter, A., Kukulansky, T., Raz, N., Wilf, A., 

Yaniv, I., and Pick, C.G. (2004). Environmental enrichment in mice decreases 

anxiety, attenuates stress responses and enhances natural killer cell activity. Eur J 

Neurosci 20, 1341-1347. 

Bourne, J., and Harris, K.M. (2007). Do thin spines learn to be mushroom spines that 

remember? Curr Opin Neurobiol 17, 381-386. 

Bourne, J., and Harris, K.M. (2008). Balancing structure and function at hippocampal 

dendritic spines. Annu Rev Neurosci 31, 47-67. 

Brecht, M., Sakmann, B. (2002). Whisker maps of neuronal subclasses of the rat 

ventral posterior medial thalamus, identified by whole-cell voltage recording and 

morphological reconstruction. Journal of Physiology 538, 495-515. 



 

 85 

Briner, A., De Roo, M., Dayer, A., Muller, D., Kiss, J.Z., and Vutskits, L. (2010). 

Bilateral whisker trimming during early postnatal life impairs dendritic spine 

development in the mouse somatosensory barrel cortex. Journal of Comparative 

Neurology 518, 1711-1723. 

Bruno, R.M., Sakmann, B. (2006). Cortex is driven by weak but synchronously active 

thalamocortical synapses. Science 312, 1622-1627. 

Cane, M., Maco, B., Knott, G., and Holtmaat, A. (2014). The relationship between 

PSD-95 clustering and spine stability in vivo. J Neurosci 34, 2075-2086. 

Carvell, G.E., Simons, D.J. (1996). Abnormal tactile experience early in life disrupts 

active touch. Journal of Neuroscience 16, 2750-2757. 

Carvell, G.E., and Simons, D.J. (1996). Abnormal Tactile Experience Early in Life 

Disrupts Active Touch. Journal of Neuroscience 16, 2750-2757. 

Chambon, P. (1996). A decade of molecular biology of retinoic acid receptors. Faseb 

J 10, 940-954. 

Chapellier, B., Mark, M., Garnier, J.M., LeMeur, M., Chambon, P., and Ghyselinck, 

N.B. (2002). A conditional floxed (loxP-flanked) allele for the retinoic acid receptor 

alpha (RARalpha) gene. Genesis 32, 87-90. 

Chattarji, S., Tomar, A., Suvrathan, A., Ghosh, S., and Rahman, M.M. (2015). 

Neighborhood matters: divergent patterns of stress-induced plasticity across the 

brain. Nature Neuroscience 18, 1364-1375. 

Chen, C.C., Bajnath, A., and Brumberg, J.C. (2015). The impact of development and 

sensory deprivation on dendritic protrusions in the mouse barrel cortex. Cereb 

Cortex 25, 1638-1653. 



 

 86 

Chen, C.C., Gilmore, A., and Zuo, Y. (2014). Study motor skill learning by single-

pellet reaching tasks in mice. Journal of Visualized Experiments: JoVE, e51238. 

Chen, C.C., Lu, J., Yang, R., Ding, J.B., and Zuo, Y. (2018). Selective activation of 

parvalbumin interneurons prevents stress-induced synapse loss and perceptual 

defects. Molecular Psychiatry. 

Chen, C.C., Lu, J., and Zuo, Y. (2014). Spatiotemporal dynamics of dendritic spines 

in the living brain. Frontiers in Neuroanatomy 8, 28. 

Chen, C.C., Tam, D., and Brumberg, J.C. (2012). Sensory deprivation differentially 

impacts the dendritic development of pyramidal versus non-pyramidal neurons in 

layer 6 of mouse barrel cortex. Brain Structure and Function 217, 435-446. 

Chen, J.L., Carta, S., Soldado-Magraner, J., Schneider, B.L., Helmchen, F. (2013). 

Behavior-dependent recruitment of long-range projection neurons in somatosensory 

cortex. Nature 499, 336-340. 

Chen, J.L., Nedivi, E. (2013). Highly specific structural plasticity of inhibitory circuits 

in the adult neocortex. Neuroscientist 19, 384-393. 

Chen, L., Lau, A.G., and Sarti, F. (2014). Synaptic retinoic acid signaling and 

homeostatic synaptic plasticity. Neuropharmacology 78, 3-12. 

Chicurel, M.E., and Harris, K.M. (1992). Three-dimensional analysis of the structure 

and composition of CA3 branched dendritic spines and their synaptic relationships 

with mossy fiber boutons in the rat hippocampus. J Comp Neurol 325, 169-182. 

Cocco, S., Diaz, G., Stancampiano, R., Diana, A., Carta, M., Curreli, R., Sarais, L., 

and Fadda, F. (2002). Vitamin A deficiency produces spatial learning and memory 

impairment in rats. Neuroscience 115, 475-482. 



 

 87 

Colgan, L.A., and Yasuda, R. (2014). Plasticity of dendritic spines: 

subcompartmentalization of signaling. Annual Review of Physiology 76, 365-385. 

Constantinople, C.M., and Bruno, R.M. (2016). Deep Cortical Layers Are Activated 

Directly by Thalamus. Science 340, 1591-1594. 

Cook, S.C., and Wellman, C.L. (2004). Chronic stress alters dendritic morphology in 

rat medial prefrontal cortex. Journal of Neurobiology 60, 236-248. 

Crochet, S., Poulet, J.F.A., Kremer, Y., Petersen, C.C.H. (2011). Synpatic 

mechanisms underlying sparse coding of active touch. Neuron 69, 1160-1175. 

de Kloet, E.R., Joels, M., and Holsboer, F. (2005). Stress and the brain: from 

adaptation to disease. Nature Reviews Neuroscience 6, 463-475. 

DeFelipe, J. (2011). The evolution of the brain, the human nature of cortical circuits, 

and intellectual creativity. Frontiers in Neuroanatomy 5, 29. 

DeFelipe, J., and Fariñas, I. (1992). The pyramidal neuron of the cerebral cortex: 

Morphological and chemical characteristics of the synaptic inputs. Progress in 

Neurobiology 39, 563-607. 

DeNardo, L.A., Berns, D.S., DeLoach, K., and Luo, L. (2015). Connectivity of mouse 

somatosensory and prefrontal cortex examined with trans-synaptic tracing. Nat 

Neurosci 18, 1687-1697. 

Denk, W., Strickler, J.H., and Webb, W.W. (1990). Two-Photon Laser Scanning 

Fluorescence Microscopy. Science 248, 73-76. 

Devanna, P., Middelbeek, J., and Vernes, S.C. (2014). FOXP2 drives neuronal 

differentiation by interacting with retinoic acid signaling pathways. Front Cell 

Neurosci 8, 305. 



 

 88 

Diamond, M.E., von Heimendahl, M., and Arabzadeh, E. (2008). Whisker-mediated 

texture discrimination. PLoS Biol 6, e220. 

Dubbs, A., Guevara, J., Yuste, R. (2016). moco: Fast motion correction for calcium 

imaging. Frontiers in Neuroinformatics 10. 

Dumitriu, D., Hao, J., Hara, Y., Kaufmann, J., Janssen, W.G., Lou, W., Rapp, P.R., 

and Morrison, J.H. (2010). Selective changes in thin spine density and morphology in 

monkey prefrontal cortex correlate with aging-related cognitive impairment. J 

Neurosci 30, 7507-7515. 

Eckert, M.J., and Abraham, W.C. (2013). Effects of environmental enrichment 

exposure on synaptic transmission and plasticity in the hippocampus. Curr Top 

Behav Neurosci 15, 165-187. 

Elstrott, J., Clancy, K.B., Jafri, H., Akimenko, I, Feldman, D.E. (2014). Cellular 

mechanisms for response heterogeneity among L2/3 pyramidal cells in whisker 

somatosensory cortex. Journal of Neurophysiology 112, 233-248. 

Erzurumlu, R.S., Gaspar, P. (2012). Development and critical period plasticity of the 

barrel cortex. European Journal of Neuroscience 35, 1540-1553. 

Fame, R.M., MacDonald, J.L., and Macklis, J.D. (2011). Development, specification, 

and diversity of callosal projection neurons. Trends in Neurosciences 34, 41-50. 

Feldman, D.E. (2009). Synaptic mechanisms for plasticity in neocortex. Annu Rev 

Neurosci 32, 33-55. 

Feldmeyer, D., Lubke, J., Sakmann, B. (2006). Efficacy and connectivity of 

intracolumnar pairs of layer 2/3 pyramidal cells in the barrel cortex of juvenile rats. 

Journal of Physiology 575, 583-602. 



 

 89 

Feldmeyer, D. (2012). Excitatory neuronal connectivity in the barrel cortex. Frontiers 

in Neuroanatomy 6, 24. 

Feng, G., Mellor, R.H., Berstein, M., Keller-Peck, C., Nguyen, Q., T., Wallace, M., 

Nerbonne, J.M., Lichtman, J.W., and Sanes, J.R. (2000). Imaging Neuronal Subsets 

in Transgenic Mice Expressing Multiple Spectral Variants of GFP. Neuron 28, 41-51. 

Feng, G., Mellor, R.H., Berstein, M., Keller-Peck, C., Nguyen, Q.T., Wallace, M., 

Nerbonne, J.M., Lichtman, J.W., and Sanes, J.R. (2000). Imaging Neuronal Subsets 

in Transgenic Mice Expressing Multiple Spectrla Varients of GFP. Neuron 28, 41-51. 

Fox, K. (2002). Anatomical pathways and molecular mechanisms for plasticity in the 

barrel cortex. Neuroscience 111, 799-814. 

Fox, K., and Wong, R.O. (2005). A comparison of experience-dependent plasticity in 

the visual and somatosensory systems. Neuron 48, 465-477. 

Frenkel, M.Y., Sawtell, N.B., Diogo, A.C., Yoon, B., Neve, R.L., Bear, M.F. (2006). 

Instructive effect of visual experience in mouse visual cortex. Neuron 51, 339-349. 

Fu, M., Yu, X., Lu, J., and Zuo, Y. (2012). Repetitive motor learning induces 

coordinated formation of clustered dendritic spines in vivo. Nature 483, 92-95. 

Fu, M., and Zuo, Y. (2011). Experience-dependent structural plasticity in the cortex. 

Trends in Neurosciences 34, 177-187. 

Gao, R., and Penzes, P. (2015). Common mechanisms of excitatory and inhibitory 

imbalance in schizophrenia and autism spectrum disorder. Current Molecular 

Medicine 15, 146-167. 

Garion, L., Dubin, U., Rubin, Y., Khateb, M., Schiller, Y., Azouz, R., and Schiller, J. 

(2014). Texture coarseness responsive neurons and their mapping in layer 2-3 of the 

rat barrel cortex in vivo. Elife 3, e03405. 



 

 90 

Gdalyahu, A., Tring, E. Polack, P, Gruver, R., Golshani, P., Fanselow, M.S., Silva, 

A.J., Trachtenberg, J.T. (2012). Associative fear learning enhances sparse network 

coding in primary sensory cortex. Neuron 75, 121-132. 

Gilbert, C.D., Sigman, M. (2007). Brain states: top-down influences in sensory 

processing. Neuron 54, 677-696. 

Globus, A., Rosenzweig, M.R., Bennett, E.L., and Diamond, M.C. (1973). Effects of 

differential experience on dendritic spine counts in rat cerebral cortex. Journal of 

comparative and pyshiological psychology 82, 175-181. 

Goldwater, D.S., Pavlides, C., Hunter, R.G., Bloss, E.B., Hof, P.R., McEwen, B.S., 

and Morrison, J.H. (2009). Structural and functional alterations to rat medial 

prefrontal cortex following chronic restraint stress and recovery. Neuroscience 164, 

798-808. 

Gouze, K.R., Hopkins, J., LeBailly, S.A., and Lavigne, J.V. (2009). Re-examining the 

epidemiology of sensory regulation dysfunction and comorbid psychopathology. J 

Abnorm Child Psychol 37, 1077-1087. 

Gray, E.G. (1959). Electron microscopy of synaptic contacts on dendrite spines of 

the cerebral cortex. Nature 183, 1592-1593. 

Grutzendler, J., Katshuri, N., and Gan, W.B. (2002). Long-term dendritic spine 

stability in the adult cortex. Nature 420, 812-816. 

Harris, J.J., Jolivet, R., and Attwell, D. (2012). Synaptic energy use and supply. 

Neuron 75, 762-777. 

Harris, K.D., and Shepherd, G.M. (2015). The neocortical circuit: themes and 

variations. Nature Neuroscience 18, 170-181. 



 

 91 

Harris, K.M., Jensen, F.E., and Tsao, B. (1992). Three-dimensional structure of 

dendritic spines and synapses in rat hippocampus (CA1) at postnatal day 15 and 

adult ages: implications for the maturation of synaptic physiology and long-term 

potentiation. J Neurosci 12, 2685-2705. 

Harris, K.M., and Stevens, J.K. (1989). Dendritic spines of CA 1 pyramidal cells in 

the rat hippocampus serial electron microscopy with reference to their biophysical 

characteristics. Journal of Neuroscience 9, 2982-2997. 

Hayashi-Takagi, A., Yagishita, S., Nakamura, M., Shirai, F., Wu, Y.I., Loshbaugh, 

A.L., Kuhlman, B., Hahn, K.M., and Kasai, H. (2015). Labelling and optical erasure of 

synaptic memory traces in the motor cortex. Nature 525. 

Helmchen, F., Gilad, A., Chen J.L. (2018). Neocortical dynamics during whisker-

based sensory discrimination in head-restrained mice. Neuroscience 368, 57-69. 

Hering, H., Sheng, M. (2001). Dendritic spines: structure, dynamics and regulation. 

Nature Reviews Neuroscience 2, 880-888. 

Herman, J.P. (2013). Neural control of chronic stress adaptation. Frontiers in 

Behavioral Neuroscience 7. 

Hodges, J.L., Yu, X., Gilmore, A., Bennett, H., Tjia, M., Perna, J.F., Chen, C.C., Li, 

X., Lu, J, Zuo, Y. (2017). Astrocytic contributions to synaptic and learning 

abnormalities in mouse model of fragile x syndrome. Biological Psychiatry 82, 139-

149. 

Hofer, S.B., Mrsic-Flogel, T.D., Bonhoeffer, T., and Hubener, M. (2009). Experience 

leaves a lasting structural trace in cortical circuits. Nature 457, 313-317. 

Holstein, D., Vollenweider, F., Jancke, L., Schopper, C., and Csomor, P. (2010). P50 

suppression, prepulse inhibition, and startle reactivity in the same patient cohort 



 

 92 

suffering from posttraumatic stress disorder. Journal of Affective Disorders 126, 188-

197. 

Holtmaat, A., and Svoboda, K. (2009). Experience-dependent structural synaptic 

plasticity in the mammalian brain. Nature Reviews Neuroscience 10, 647-658. 

Holtmaat, A., Wilbrecht, L., Knott, G.W., Welker, E., and Svoboda, K. (2006). 

Experience-dependent and cell-type-specific spine growth in the neocortex. Nature 

441, 979-983. 

Holtmaat, A.J., Trachtenberg, J.T., Wilbrecht, L., Shepherd, G.M., Zhang, X., Knott, 

G.W., and Svoboda, K. (2005). Transient and persistent dendritic spines in the 

neocortex in vivo. Neuron 45, 279-291. 

Hooks, B.M., Mao, T., Gutnisky, D.A., Yamawaki, N., Svoboda, K., and Shepherd, 

G.M. (2013). Organization of cortical and thalamic input to pyramidal neurons in 

mouse motor cortex. Journal of Neuroscience 33, 748-760. 

Hotulainen, P., and Hoogenraad, C.C. (2010). Actin in dendritic spines: connecting 

dynamics to function. Journal of Cell Biology 189, 619-629. 

Hromadka, T., DeWeese, M.R., Zador, A.M. (2008). Sparse representation of sounds 

in the unanesthetized auditory cortex. PLoS Biol 6, e16. 

Hubel, D.H., and Wiesel, T.N. (1964). Effects of monocular deprivation in kittens. . 

Naunyn Schmiedebergs Archives of Experimental Pathology and Pharmacology 248, 

492-497. 

Huganir, R.L., and Nicoll, R.A. (2013). AMPARs and synaptic plasticity: the last 25 

years. Neuron 80, 704-717. 

Isaacson, J.S., and Scanziani, M. (2011). How inhibition shapes cortical activity. 

Neuron 72, 231-243. 



 

 93 

Ito, M. (1988). Response properties and topography of vibrissa-sensitive VPM 

neurons in the rat. Journal of Neurophysiology 60, 1181-1197. 

Jadavji, N.M., and Metz, G.A. (2008). Sex differences in skilled movement in 

response to restraint stress and recovery from stress. Behav Brain Res 195, 251-

259. 

Jadhav, S.P., and Feldman, D.E. (2010). Texture coding in the whisker system. Curr 

Opin Neurobiol 20, 313-318. 

Jadhav, S.P., Wolfe, J., and Feldman, D.E. (2009). Sparse temporal coding of 

elementary tactile features during active whisker sensation. Nature neuroscience 12, 

792-800. 

Janesick, A., Wu, S.C., and Blumberg, B. (2015). Retinoic acid signaling and 

neuronal differentiation. Cell Mol Life Sci 72, 1559-1576. 

Kaneko, T. (2013). Local connections of excitatory neurons in motor-associated 

cortical areas of the rat. Frontiers in Neural Circuits 7, 75. 

Kasai, H., Fukuda, M., Watanabe, S., Hayashi-Takagi, A., and Noguchi, J. (2010). 

Structural dynamics of dendritic spines in memory and cognition. Trends in 

Neurosciences 33, 121-129. 

Kasai, H., Matsuzaki, M., Noguchi, J., Yasumatsu, N., and Nakahara, H. (2003). 

Structure - stability - function relationships of dendritic spines. Trends in 

Neurosciences 26, 360-368. 

Katoh, M. (2002). Regulation of WNT signaling molecules by retinoic acid during 

neuronal differentiation in NT2 cells: threshold model of WNT action (review). Int J 

Mol Med 10, 683-687. 



 

 94 

Katz, L.C., Shatz, C.J. (1996). Synaptic activity and the construction of cortical 

circuits. Science 274, 1133-1138. 

Keck, T., Scheuss, V., Jacobsen, R.I., Wierenga, C.J., Eysel, U.T., Bonhoeffer, T., 

and Hubener, M. (2011). Loss of sensory input causes rapid structural changes of 

inhibitory neurons in adult mouse visual cortex. Neuron 71, 869-882. 

Kerr, J.N.D., de Kock, C.P.J., Greenbergy, D.S., Bruno, R.M., Sakmann, B., 

Helmchen, F. (2007). Spatial organization of neuronal population responses in layer 

2/3 of rat barrel cortex. Journal of Neuroscience 27, 13316-13328. 

Kim, S., Lim, J., Bang, Y., Moon, J., Kwon, M.S., Hong, J.T., Jeon, J., Seo, H., and 

Choi, H.J. (2017). Alpha-Synuclein Suppresses Retinoic Acid-Induced Neuronal 

Differentiation by Targeting the Glycogen Synthase Kinase-3beta/beta-Catenin 

Signaling Pathway. Mol Neurobiol. 

Kim, Y.S., and Yoon, B.E. (2017). Altered GABAergic Signaling in Brain Disease at 

Various Stages of Life. Exp Neurobiol 26, 122-131. 

Kinnischtzke, A.K., Simons, D.J., Fanselow, E.E. (2014). Motor cortex broadly 

engages excitatory and inhibitory neurons in somatosensory barrel cortex. Cereb 

Cortex 24, 2237-2248. 

Knott, G.W., Quairiaux, C., Genoud, C., Welker, E. (2002). Formation of dendritic 

spines with GABAergic synapses induced by whisker stimulaiton in adult mice. 

Neuron 34, 265-273. 

Knott, G.W., Holtmaat, A., Wilbrecht, L., Welker, E., and Svoboda, K. (2006). Spine 

growth precedes synapse formation in the adult neocortex in vivo. Nature 

Neuroscience 9, 1117-1124. 



 

 95 

Kolb, B., Gibb, R. (2011). Brain plasticity and behavior in the developing brain. 

Journal of the canadian academy of child and adolescent psychiatry 20, 265-276. 

Konur, S., Rabinowitz, D., Fenstermaker, V.L., and Yuste, R. (2003). Systematic 

regulation of spine sizes and densities in pyramidal neurons. J Neurobiol 56, 95-112. 

Krupa, D.J., Wiest, M.C., Shuler, M.G., Laubach, M., Nicolelis, M.A.L. (2004). Layer-

specific somatosensory cortical activation during active tactile discrimination. 

Science 304, 1989-1992. 

Kwon, S.E., Yang, H., Minamisawa, G., O'Connor, D.H. (2016). Sensory and 

decision-related activity propagate in a cortical feedback loop during touch 

perception. Nature Neuroscience 19, 1243-1252. 

Lai, K.O., and Ip, N.Y. (2013). Structural plasticity of dendritic spines: the underlying 

mechanisms and its dysregulation in brain disorders. Biochim Biophys Acta 1832, 

2257-2263. 

Lak, A., Arabzadeh, E., and Diamond, M.E. (2008). Enhanced response of neurons 

in rat somatosensory cortex to stimuli containing temporal noise. Cereb Cortex 18, 

1085-1093. 

Landers, M., and Philip Zeigler, H. (2006). Development of rodent whisking: 

trigeminal input and central pattern generation. Somatosensory and Motor Research 

23, 1-10. 

Larkman, A., and Mason, A. (1990). Correlations Between Morphology and 

Electrophysiology of Pyramidal neurons in Slices of Rat Visual Cortex. I. 

Establishment of Cell Classes. Journal of Neuroscience 10, 1407-1414. 



 

 96 

Lauterborn, J.C., Jafari, M., Babayan, A.H., and Gall, C.M. (2015). Environmental 

enrichment reveals effects of genotype on hippocampal spine morphologies in the 

mouse model of Fragile X Syndrome. Cereb Cortex 25, 516-527. 

Lee, K.F., Soares, C., and Beique, J.C. (2012). Examining form and function of 

dendritic spines. Neural Plast 2012, 704103. 

Lee, K.J., Jung, J.G., Arii, T., Imoto, K., and Rhyu, I.J. (2007). Morphological 

changes in dendritic spines of Purkinje cells associated with motor learning. 

Neurobiol Learn Mem 88, 445-450. 

Lee, L.J., Chen, W.J., Chuang, Y.W., and Wang, Y.C. (2009). Neonatal whisker 

trimming causes long-lasting changes in structure and function of the somatosensory 

system. Experimental Neurology 219, 524-532. 

Lee, S.H., and Dan, Y. (2012). Neuromodulation of brain states. Neuron 76, 209-222. 

Lee, S.H., Kwan, A.C., Zhang, S., Phoumthipphavong, V., Flanner, J.G., 

Masmanidis, S.C., Taniguchi, H., Huang, Z.J., Zhang, F., Boyden, E.S., et al. (2012). 

Activation of specific interneurons improves V1 feature selectivity and visual 

perception. Nature 488, 379-383. 

Lendvai, B., Stern, E.A., Chen, B., and Svoboda, K. (2000). Experience-dependent 

plasticity of dendritic spines in the developing rat barrel cortex in vivo. Nature 404, 

876-881. 

Levy, A.D., Omar, M.H., and Koleske, A.J. (2014). Extracellular matrix control of 

dendritic spine and synapse structure and plasticity in adulthood. Frontiers in 

Neuroanatomy 8, 116. 

Lichtman, J.W. (1995). Synapse disassembly at the neuromuscular junction. 

Seminars in Cell and Developmental Biology 6, 195-206. 



 

 97 

Lichtman, J.W., and Colman, H. (2000). Synapse Elimination and Indelible Memory. 

Neuron 25. 

Lisman, J. (2012). Excitation, inhibition, local oscillations, or large-scale loops: what 

causes the symptoms of schizophrenia? Curr Opin Neurobiol 22, 537-544. 

Liston, C., and Gan, W.B. (2011). Glucocorticoids are critical regulators of dendritic 

spine development and plasticity in vivo. Proceedings of the National Academy of 

Sciences 108, 16074-16079. 

Liston, C., McEwen, B.S., and Casey, B.J. (2009). Psychosocial stress reversibly 

disrupts prefrontal processing and attentional control. Proceedings of the National 

Academy of Sciences 2009, 912-917. 

Liu, Z.-P., Song, C., Wang, M., He, Y., Xu, X.-B., Pan, H.-Q., Chen, W.-B., Peng, W.-

J., and Pan, B.-X. (2014). Chronic stress impairs GABAergic control of amygdala 

through suppressing the tonic GABAA receptor currents. Molecular Brain 7. 

Lupien, S.J., McEwen, B.S., Gunnar, M.R., Helm, C. (2009). Effects of stress 

throughout the lifespan on the brain, behavior and cognition. Nat Rev Neurosci 10, 

434-445. 

Ma, L., Qiao, Q., Tsai, J.W., Yang, G., Li, W., and Gan, W.B. (2016). Experience-

dependent plasticity of dendritic spines of layer 2/3 pyramidal neurons in the mouse 

cortex. Dev Neurobiol 76, 277-286. 

MacKenzie, G., and Maguire, J. (2015). Chronic stress shifts the GABA reversal 

potential in the hippocampus and increases seizure susceptibility. Epilepsy Res 109, 

13-27. 



 

 98 

Magariños, A.M., Li, C.J., Gal Toth, J., Bath, K.G., Jing, D., Lee, F.S., McEwen, B.S. 

(2011). Effect of brain-derived neurotrophic factor haplotinsufficiency on stress-

induced remodeling of hippocampal neurons. Hippocampus 21, 253-264. 

Maghsoodi, B., Poon, M.M., Nam, C.I., Aoto, J., Ting, P., and Chen, L. (2008). 

Retinoic acid regulates RARalpha-mediated control of translation in dendritic RNA 

granules during homeostatic synaptic plasticity. Proc Natl Acad Sci U S A 105, 

16015-16020. 

Majewska, A., Tashiro, A., Yuste R. (2000). Regulation of spine calcium dynamics by 

rapid spine motility. Journal of Neuroscience 20, 8262-8268. 

Majewska, A., Sur, M. (2006). Plasticity and specificity of cortical processing 

networks. Trends in Neurosciences 29. 

Majewska, A., and Sur, M. (2003). Motility of dendritic spines in visual cortex in vivo: 

Changes during the critical period and effects of visual deprivation. Proceedings of 

the National Academy of Sciences of the United States of America 100, 16024-

16029. 

Malenka, R.C., Bear, M.F. (2004). LTP and LTD: an embarrassment of riches. 

Neuron 44, 5-21. 

Manita, S., Suzuki, T., Homma, C., Matsumoto, T., Odagawa, M., Yamada, K., Ota, 

K., Matsubara, C., Inutsuka, A., Sato, M., Ohkura, M., Yamanaka, A., Yanagawa, Y., 

Nakai, J., Hayashi, Y., Larkum, M.E., Murayama, M. (2015). A top-down cortical 

circuit for accurate sensory perception. Neuron 86, 1304-1416. 

Marder, E. (2012). Neuromodulation of neuronal circuits: back to the future. Neuron 

76, 1-11. 



 

 99 

Mark, M., Ghyselinck, N.B., and Chambon, P. (2009). Function of retinoic acid 

receptors during embryonic development. Nucl Recept Signal 7, e002. 

Markram, K., and Markram, H. (2010). The intense world theory - a unifying theory of 

the neurobiology of autism. Frontiers in Human Neuroscience 4, eCollection 2010. 

Matsusue, Y., Horri-Hayashi, N., Kirita, T., and Nishi, M. (2014). Distribution of 

corticosteroid receptors in mature oligodendrocytes and oligodendrocyte progenitors 

of the adult mouse brain. Journal of Histochemistry and Cytochemistry 62, 211-226. 

Matsuzaki, M., Honkura, N., Ellis-Davies, G.C.R., Kasai, H. (2004). Structural basis 

of long-term potentiation in single dendritic spines. Nature 429, 761-766. 

Matsuzaki, M., Ellis-Davies, G.C., Nemoto, T., Miyashita, Y., Iino, M., and Kasai, H. 

(2001). Dendritic spine geometry is critical for AMPA receptor expression in 

hippocampal CA1 pyramidal neurons. Nature Neuroscience 4, 1086-1092. 

McEwen, B.S., Weiss, J.M., Schwartz, L.S. (1968). Selective retention of 

corticosterone by limbic structures in rat brain. Nature 220, 911-912. 

McEwen, B.S. (2007). Physiology and Neurobiology of Stress and Adaptation: 

Central Role of the Brain. Physiological Reviews 87, 873-904. 

McEwen, B.S. (2008). Central effects of stress hormones in health and disease: 

understanding the protective and damaging effects of stress and stress mediators. 

European Journal of Pharmagolocy 583, 174-185. 

McEwen, B.S., Bowles, N.P., Gray, J.D., Hill, M.N., Hunter, R.G., Karatsoreos, I.N., 

Nasca, C. (2015). Mechanisms of stress in the brain. Nature Neuroscience 18, 1353-

1363. 



 

 100 

McEwen, B.S., Nasca, C., and Gray, J.D. (2016). Stress Effects on Neuronal 

Structure: Hippocampus, Amygdala, and Prefrontal Cortex. 

Neuropsychopharmacology 41, 3-23. 

McKlveen, J.M., Morano, R.L., Fitzgerald, M., Zoubovsky, S., Cassella, S.N., 

Scheimann, J.R., Ghosal, S., Mahbod, P., Packard, B.A., Myers, B., et al. (2016). 

Chronic Stress Increases Prefrontal Inhibition: A Mechanism for Stress-Induced 

Prefrontal Dysfunction. Biol Psychiatry 80, 754-764. 

Medini, P. (2014). Experience-dependent plasticity of visual cortical microcircuits. 

Neuroscience 278, 367-384. 

Mineur, Y.S., Prasol, D.J., Belzung, C, Crusio, W.E. (2003). Agonistic behavior and 

unpredictable chronic mild stress in mice. Behavior Genetics 33, 512-519. 

Misner, D.L., Jacobs, S., Shimizu, Y., de Urquiza, A.M., Solomin, L., Perlmann, T., 

De Luca, L.M., Stevens, C.F., and Evans, R.M. (2001). Vitamin A deprivation results 

in reversible loss of hippocampal long-term synaptic plasticity. Proc Natl Acad Sci U 

S A 98, 11714-11719. 

Mitchinson, B., Arabzadeh, E., Diamond, M.E., and Prescott, T.J. (2008). Spike-

timing in primary sensory neurons: a model of somatosensory transduction in the rat. 

Biol Cybern 98, 185-194. 

Mitra, R., Jadhav, S., McEwen, B.S., Vyas, A., and Chattarji, S. (2005). Stress 

duration modulates the spatiotemporal patterns of spine formation in the basolateral 

amygdala. Proceedings of the National Academy of Sciences 102, 9371-9376. 

Miyazaki, T., Takase, K., Nakajima, W., Tada, H., Ohya, D., Sano, A., Goto, T., 

Hirase, H., Malinow, R., and Takahashi, T. (2012). Disrupted cortical function 

underlies behavior dysfunction due to social isolation. J Clin Invest 122, 2690-2701. 



 

 101 

Molyneaux, B.J., Arlotta, P., Menezes, J.R., and Macklis, J.D. (2007). Neuronal 

subtype specification in the cerebral cortex. Nature Reviews Neuroscience 8, 427-

437. 

Morriss-Kay, G.M., and Sokolova, N. (1996). Embryonic development and pattern 

formation. Faseb J 10, 961-968. 

Mostany, R., Anstey, J.E., Crump, K.L., Maco, B., Knott, G., Portera-Cailliau, C. 

(2013). Altered synaptic dynamics during normal brain aging. Journal of 

Neuroscience 33, 4094-4104. 

Mueller-Pfeiffer, C., Schick, M., Schulte-Vels, T., O'Gorman, R., Michels, L., Martin-

Soelch, C., Blair, J.R., Rufer, M., Schnyder, U., Zeffiro, T., and Hasler, G. (2013). 

Atypical visual processing in posttraumatic stress disorder. Neuroimage Clin 3, 531-

538. 

Nikonenko, I., Jourdain, P., Alberi, S., Toni, N., and Muller, D. (2002). Activity-

induced changes of spine morphology. Hippocampus 12, 585-591. 

Nimchinsky, E.A., Sabatini, B.L., and Svoboda, K. (2002). Structure and function of 

dendritic spines. Annual Review of Physiology 64, 313-353. 

Nithianantharajah, J., and Hannan, A.J. (2006). Enriched environments, experience-

dependent plasticity and disorders of the nervous system. Nat Rev Neurosci 7, 697-

709. 

Nohara, M., Tohei, A., Sato, T., and Amao, H. (2016). Evaluation of response to 

restraint stress by salivary corticosterone levels in adult male mice. Journal of 

Veterinary Medical Science 78, 775-780. 

Nomoto, M., Takeda, Y., Uchida, S., Mitsuda, K., Enomoto, H., Saito, K., Choi, T., 

Watabe, A.M., Kobayashi, S., Masushige, S., et al. (2012). Dysfunction of the 



 

 102 

RAR/RXR signaling pathway in the forebrain impairs hippocampal memory and 

synaptic plasticity. Mol Brain 5, 8. 

O'Connor, D.H., Peron, S.P., Huber, D., Svoboda, K. (2010). Neural activity in barrel 

cortex underlying vibrissa-based object localization in mice. Neuron 67, 1048-1061. 

O'Leary, D.D.M., and Koester, S.E. (1993). Development of projection neuron types, 

axon pathways, and patterned connections of the mammalian cortex. Neuron 10, 

991-1006. 

Oberlaender, M., Ramirez, A., and Bruno, R.M. (2012). Sensory experience 

restructures thalamocortical axons during adulthood. Neuron 74, 648-655. 

Pan, T., Deng, J., Xu, Q., Zuo, Y., Guo, Q.X., and Fu, Y. (2013). Catalytic conversion 

of furfural into a 2,5-furandicarboxylic acid-based polyester with total carbon 

utilization. ChemSusChem 6, 47-50. 

Papa, M., Bundman, M.C., Greenberger, V., and Segal, M. (1995). Morphological 

Analysis of Dendritic Spine Development in Cultures of Hippocampal Neurons. 

Journal of Neuroscience 15, 1-11. 

Papaioannou, S., Brigham, L., and Krieger, P. (2013). Sensory deprivation during 

early development causes an increased exploratory behavior in a whisker-dependent 

decision task. Brain and Behavior 3, 24-34. 

Park, E., Tjia, M., Zuo, Y., Chen, L. (2018). Postnatal ablation of synaptic retinoic 

acid signaling impairs cortical information processing and sensory discrimination in 

mice. Journal of Neuroscience 38, 5277-5288. 

Pascual, R., Hervias, M.C., Tohá, M.E., Valero, A., and Figueroa, H.R. (1998). 

Purkinje cell impairment induced by early movement restriction. Biology of the 

Neonate 73, 47-51. 



 

 103 

Pentajek, Z., Juda, M., Simic, G., Rasin, M.R., Uylings, H.B.M., Rakic, P., and 

Kostovic, I. (2011). Extraordinary neoteny of synaptic spines in the human prefrontal 

cortex. Proceedings of the National Academy of Sciences of the United States of 

America 108, 13281-13286. 

Peters, A.J., Chen, S.X., and Komiyama, T. (2014). Emergence of reproducible 

spatiotemporal activity during motor learning. Nature 510, 263-267. 

Petersen, C.C., Sakmann, B. (2000). The excitatory neuronal network of rat layer 4 

barrel cortex. Journal of Neuroscience 20, 7579-7586. 

Petersen, C.C., Sakmann, B. (2001). Functionally independent columns of rat 

somatosensory barrel cortex revealed with voltage-sensitive dye imaging. Journal of 

Neuroscience 21, 8435-8446. 

Petersen, C.C.H. (2007). The functional organization of the barrel cortex. Neuron 56, 

339-355. 

Petersen, C.C.H., Crochet, S. (2013). Synaptic computation and sensory processing 

in neocortical layer 2/3. Neuron 78, 28-48. 

Poon, M.M., and Chen, L. (2008). Retinoic acid-gated sequence-specific translational 

control by RARalpha. Proc Natl Acad Sci U S A 105, 20303-20308. 

Popescu, M.V., and Ebner, F.F. (2010). Neonatal sensory deprivation and the 

development of cortical function: unilateral and bilateral sensory deprivation result in 

different functional outcomes. Journal of Neurophysiology 104, 98-107. 

Portera-Cailliau, C., Weimer, R.M., De Paola, V., Caroni, P., and Svoboda, K. 

(2005). Diverse modes of axon elaboration in the developing neocortex. PLoS Biol 3, 

e272. 



 

 104 

Poulet, J.F., and Petersen, C.C. (2008). Internal brain state regulates membrane 

potential synchrony in barrel cortex of behaving mice. Nature 454, 881-885. 

Quairiaux, C., Armstrong-James, M., Welker, E. (2007). Modified sensory processing 

in the barrel cortex of the adult mouse after chronic whisker stimulation. Journal of 

Neurophysiology 97, 2130-2147. 

Radley, J.J., Rocher, A.B., Miller, M., Janssen, W.G., Liston, C., Hof, P.R., McEwen, 

B.S., and Morrison, J.H. (2006). Repeated stress induces dendritic spine loss in the 

rat medial prefrontal cortex. Cereb Cortex 16, 313-320. 

Radley, J.J., Rocher, A.B., Rodriguez, A., Ehlenberger, D.B., Dammann, M., 

McEwen, B.S., Morrison, J.H., Wearne, S.L., and Hof, P.R. (2008). Repeated stress 

alters dendritic spine morphology in the rat medial prefrontal cortex. Journal of 

Comparative Neurology 67, 1128-1136. 

Restivo, L., Ferrari, F., Passino, E., Sgobio, C., Bock, J., Oostra, B.A., Bagni, C., and 

Ammassari-Teule, M. (2005). Enriched environment promotes behavioral and 

morphological recovery in a mouse model for the fragile X syndrome. Proceedings of 

the National Academy of Sciences of the United States of America 102, 11557-

11562. 

Rioult-Pedotti, M.-S., Friedman, D., and Donoghue, J.P. (2000). Learning-Induced 

LTP in Neocortex. Science 290, 533-636. 

Rochefort, N.L., and Konnerth, A. (2012). Dendritic spines: from structure to in vivo 

function. EMBO Reports 13, 699-708. 

Rojo, C., Leguey, I., Kastanauskaite, A., Bielza, C., Larranaga, P., DeFelipe, J., and 

Benavides-Piccione, R. (2016). Laminar Differences in Dendritic Structure of 



 

 105 

Pyramidal Neurons in the Juvenile Rat Somatosensory Cortex. Cereb Cortex 26, 

2811-2822. 

Roozendaal, B., McEwen, B.S., Chattarji, S. (2009). Stress, memory and the 

amygdala. Nature Reviews Neuroscience 10, 423-433. 

Roux, L., and Buzsaki, G. (2015). Tasks for inhibitory interneurons in intact brain 

circuits. Neuropharmacology 88, 10-23. 

Sadaka, Y., Weinfeld, E., Lev, D.L., and White, E.L. (2003). Changes in mouse 

barrel synapses consequent to sensory deprivation from birth. Journal of Comparitive 

Neurology 457, 75-86. 

Saito, T., and Nakatsuji, N. (2001). Efficient gene transfer into the embryonic mouse 

brain using in vivo electroporation. Developmental Biology 240, 237-246. 

Sakata, S., Harris, K.D. (2009). Laminar structure of spontaneous and sensory-

evoked population activity in auditory cortex. Neuron 64, 404-418. 

Sala-Catala, J., Torrero, C., Regalado, M., Salas, M., and Ruiz-Marcos, A. (2005). 

Movements restriction and alterations of the number of spines distributed along the 

apical shafts of layer V pyramids in motor and primary sensory cortices of the 

peripubertal and adult rat. Neuroscience 133, 137-145. 

Sapolsky, R.M., Krey, L.C., McEwen, B.S. (1986). The neuroendocrinology of stress 

and aging: the glucocorticoid cascade hypothesis. Endocrinology Review 7, 284-301. 

Sarti, F., Schroeder, J., Aoto, J., and Chen, L. (2012). Conditional RARalpha 

knockout mice reveal acute requirement for retinoic acid and RARalpha in 

homeostatic plasticity. Front Mol Neurosci 5, 16. 

Sarti, F., Zhang, Z., Schroeder, J., and Chen, L. (2013). Rapid suppression of 

inhibitory synaptic transmission by retinoic acid. J Neurosci 33, 11440-11450. 



 

 106 

Schneider, M.L., Moore, C.F., Gajewski, L.L., Larson, J.A., Roberts, A.D., Converse, 

A.K., and DeJesus, O.T. (2008). Sensory processing disorder in a primate model: 

evidence from a longitudinal study of prenatal alcohol and prenatal stress effects. 

Child Dev 79, 100-113. 

Schneiderman, N., Ironson, G., and Siegel, S.D. (2005). Stress and health: 

psychological, behavioral, and biological determinants. Annu Rev Clin Psychol 1, 

607-628. 

Schubert, V., Lebrecht, D., and Holtmaat, A. (2013). Peripheral deafferentation-

driven functional somatosensory map shifts are associated with local, not large-scale 

dendritic structural plasticity. Journal of Neuroscience 33, 9474-9487. 

Serafini, G., Engel-Yeger, B., Vazque, G.H., Pompili, M., and Amore, M. (2017). 

Sensory processing disorders are associated with duration of current episode and 

severity of side effects. Psychiatry Investigation 14, 51-57. 

Shearer, K.D., Stoney, P.N., Morgan, P.J., and McCaffery, P.J. (2012). A vitamin for 

the brain. Trends in neurosciences 35, 733-741. 

Sheng, M., and Kim, E. (2011). The postsynaptic organization of synapses. Cold 

Spring Harbor Perspectives Biology 3. 

Shepherd, G.M., Pologruto, T.A., Svoboda, K. (2003). Circuit analysis of experience-

dependent plasticity in the developing rat barrel cortex. Neuron 38, 277-289. 

Shoykhet, M., Land, P.W., Simons, D.J. (2005). Whisker trimming begun at birth or 

on postnatal day 12 affects excitatory and inhibitory receptive fields of layer IV barrel 

neurons. Journal of Neurophysiology 94, 3987-3995. 



 

 107 

Shoykhet, M., Land, P.W., and Simons, D.J. (2005). Whisker trimming begun at birth 

or on postnatal day 12 affects excitatory and inhibitory receptive fields of layer IV 

barrel neurons. Journal of Neurophysiology 94, 3987-3995. 

Simons, D.J., Carvell, G.E. (1989). Thalamocortical response transformation in the 

rat vibrissa/barrel system. Journal of Neurophysiology 61, 311-330. 

Slater, A.M., and Cao, L. (2015). A Protocol for Housing Mice in an Enriched 

Environment. J Vis Exp, e52874. 

Sousa, N., Lukoyanov, N.V., Madeira, M.D., Almeida, O.F., and Paula-Barbosa, 

M.M. (2000). Reorganization of the morphology of hippocampal neurites and 

synapses after stress-induced damage correlates with behavioral improvement. 

Neuroscience 97, 253-266. 

Spruston, N. (2008). Pyramidal neurons: dendritic structure and synaptic integration. 

Nature Reviews Neuroscience 9, 206-221. 

Stern, E.A., Maravall, M., Svoboda, K. (2001). Rapid development and plasticity of 

layer 2/3 maps in rate barrel cortex in vivo. Neuron 31, 305-315. 

Stoney, P.N., and McCaffery, P. (2016). A Vitamin on the Mind: New Discoveries on 

Control of the Brain by Vitamin A. World Rev Nutr Diet 115, 98-108. 

Sudhof, T.C., Malenka, R.C. (2008). Understanding synapses: past, present, and 

future. Neuron 60, 469-476. 

Sur, M., Leamey, C.A. (2001). Development and plasticity fo cortical areas and 

networks. Nature Neuroscience 2, 251-262. 

Takatsuru, Y., and Koibuchi, N. (2015). Alteration of somatosensory response in 

adulthood by early life stress. Front Mol Neurosci 8, 15. 



 

 108 

Takatsuru, Y., Yoshitomo, M., Nemoto, T., Eto, K., and Nabekura, J. (2009). 

Maternal separation decreases the stability of mushroom spines in adult mice 

somatosensory cortex. Brain Res 1294, 45-51. 

Tau, G. Z., and Peterson, B. S. (2010). Normal development of brain circuits. 

Neuropyshopharmacology 35, 147-168. 

Toya, S., Takatsuru, Y., Kokubo, M., Amano, I., Shimokawa, N., and Koibuchi, N. 

(2014). Early-life-stress affects the homeostasis of glutamatergic synapses. Eur J 

Neurosci 40, 3627-3634. 

Trachtenberg, J.T., Chen, B.E., Knott, G.W., Feng, G., Sanes, J.R., Welker, E., and 

Svoboda, K. (2002). Long-term in vivo imaging of experience-dependent synaptic 

plasticity in adult cortex. Nature 420, 788-794. 

Treccani, G., Musazzi, L., Perego, C., Milanese, M., Nava, N., Bonifacino, T., 

Lamanna, J., Malgaroli, A., Drago, F., Racagni, G., Nyengaard, J.R., Wegener, G., 

Bonanno, G., Popoli, M. (2014). Stress and corticosterone increase the readily 

releasable pool of glutamate vesicles in synaptic terminals of prefrontal and frontal 

cortex. Molecular Psychiatry 19, 433-443. 

Tropea, D., Majewska, A.K., Garcia, R., and Sur, M. (2010). Structural dynamics of 

synapses in vivo correlate with functional changes during experience-dependent 

plasticity in visual cortex. Journal of Neuroscience 30, 11086-11095. 

Veinante, P., Lavallée, P., and Deschênes, M. (2000). Corticothalamic projections 

from layer 5 of the vibrissal barrel cortex in the rat. Journal of Comparative 

Neurology 424, 197-204. 



 

 109 

Verma, R., Balhara, Y.P.S., and Gupta, C.S. (2011). Gender differences in stress 

response: role of developmental and biologicla determinants. Industrial Psychiatry 

Journal 20, 4-10. 

von Heimendahl, M., Itskov, P.M., Arabzadeh, E., and Diamond, M.C. (2007). 

Neuronal activity in rat barrel cortex underlying texture discrimination. PLoS Biol 5, 

e305. 

Wang, H.L., Zhang, Z., Hintze, M., and Chen, L. (2011). Decrease in calcium 

concentration triggers neuronal retinoic acid synthesis during homeostatic synaptic 

plasticity. J Neurosci 31, 17764-17771. 

Weber, D.L. (2008). Information Processing Bias in Post-traumatic Stress Disorder. 

The Open Neuroimaging Journal 2, 29-51. 

Wilbrecht, L., Holtmaat, A., Wright, N., Fox, K., and Svoboda, K. (2010). Structural 

plasticity underlies experience-dependent functional plasticity of cortical circuits. J 

Neurosci 30, 4927-4932. 

Wimmer, V.C., Bruno, R.M., de Kock, C.P.J., Kuner, T., Sakmann, B. (2010). 

Dimensions of a projection column and architecture of VPM and POm axons in rat 

vibrissal cortex. Cereb Cortex 20, 2265-2276. 

Woolsey, T.A., Van der Loos, H. (1970). The structural organisation of layer IV in the 

somatosensory region (S1) of the mouse cerebral cortex: the description of a cortical 

field composed of discrete cytoarchitectonic units. Brain Research 17, 205-242. 

Wu, H.P., Ioffe, J.C., Iverson, M.M., Boon, J.M., and Dyck, R.H. (2013). Novel, 

whisker-dependent texture discrimination task for mice. Behavioural Brain Research 

237, 238-242. 



 

 110 

Xu, T., Yu, X., Perlik, A.J., Tobin, W.F., Zweig, J.A., Tennant, K., Jones, T., and Zuo, 

Y. (2009). Rapid formation and selective stabilization of synapses for enduring motor 

memories. Nature 462, 915-919. 

Yang, G., Pan, F., and Gan, W.B. (2009). Stably maintained dendritic spines are 

associated with lifelong memories. Nature 462, 920-924. 

Yee, A.X., Hsu, Y.T., and Chen, L. (2017). A metaplasticity view of the interaction 

between homeostatic and Hebbian plasticity. Philos Trans R Soc Lond B Biol Sci 

372. 

Yizhar, O., Fenno, L.E., Prigge, M., Schneider, F., Davidson, T.J., O'Shea, D.J., 

Sohal, V.S., Goshen, I., Finkelstein, J., Paz, J.T., et al. (2011). Neocortical 

excitation/inhibition balance in information processing and social dysfunction. Nature 

477, 171-178. 

Yu, C., Derdikman, D., Haidarliu, S., Ahissar, E. (2006). Parallel thalamic pathways 

for whisking and touch signals in the rat. PLoS Biol 4, e124. 

Yu, X., Wang, G., Gilmore, A., Yee, A.X., Li, X., Xu, T., Smith, S.J., Chen, L., and 

Zuo, Y. (2013). Accelerated experience-dependent pruning of cortical synapses in 

ephrin-A2 knockout mice. Neuron 80, 64-71. 

Yu, X., and Zuo, Y. (2014). Two-photon in vivo imaging of dendritic spines in the 

mouse cortex using a thinned-skull preparation. J Vis Exp. 

Yuen, E.Y., Wei, J., Liu, W., Zhong, P., Li, X., Yan, Z. (2012). Repeated stress 

causes cognitive impairment by suppressing glutamate receptor expression and 

funciton in prefrontal cortex. Neuron 73, 962-977. 

Yuste, R. (2010). Dendritic Spines (Cambridge: MIT Press). 



 

 111 

Yuste, R., and Bonhoeffer, T. (2001). Morphological changes in dendritic spines 

associated with long-term synaptic plasticity. Annu Rev Neurosci 24, 1071-1089. 

Yuste, R., and Bonhoeffer, T. (2004). Genesis of dendritic spines: insights from 

ultrastructural and imaging studies. Nature Reviews Neuroscience 5, 24-34. 

Zhang, W., Bruno, R.M. (2019). High-roder thalamic inputs to primary 

somatosensory cortex are stronger and longer lasting than cortical inputs. Elife 8, 

e44158. 

Zhou, X., Fu, X., Lin, C., Zhou, X., Liu, J., Wang, L., Zhang, X., Zuo, M., Fan, X., Li, 

D., and Sun, Y. (2017). Remodeling of Dendritic Spines in the Avian Vocal Motor 

Cortex Following Deafening Depends on the Basal Ganglia Circuit. Cereb Cortex 27, 

2820-2830. 

Zuo, Y., Lin, A., Chang, P., and Gan, W.B. (2005). Development of long-term 

dendritic spine stability in diverse regions of cerebral cortex. Neuron 46, 181-189. 

Zuo, Y., Yang, G., Kwon, E., and Gan, W.B. (2005). Long-term sensory deprivation 

prevents dendritic spine loss in primary somatosensory cortex. Nature 436, 261-265. 




