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Abstract 

A cytoskeletal-based approach to understanding antidepressant-like mechanisms and depression-
related behaviors  

By Lauren P. Shapiro 

Adolescence is a dynamic period of neurodevelopment in which neurons in the prefrontal cortex 
(PFC) are remodeled. This structural reorganization is conserved across species and is critical for 
the maturation to adulthood. Yet evidence suggests that it may also contribute to the onset of 
neuropsychiatric disease. This dissertation considers the impact of cytoskeletal regulatory factors 
that maintain neuronal structure on neurodevelopmental disorders. I begin with a discussion of 
proteins associated with the β1-integrin — Arg kinase — Rho-kinase 2 (ROCK2) signaling 
cascade, a pathway critical for regulating neuronal structure, including during adolescence. I 
compare proteins levels and dendritic spine densities in two subregions of the PFC, the medial 
prefrontal cortex (mPFC) and orbital prefrontal cortex (OFC), to illustrate that these regions mature 
at different rates. I subsequently test the hypothesis that expedited neuronal remodeling during 
adolescence has therapeutic-like effects. I find that inhibition of ROCK2 has antidepressant-like 
effects in adolescent mice, but not adult mice, and enhances dendritic spine elimination in the 
mPFC. These findings identify ROCK2 as a novel therapeutic target for the treatment of adolescent-
onset depression. Next, I test whether interfering with proteins involved in neuronal remodeling 
during adolescence contributes to depressive-like behaviors. I report that reducing β1-integrin 
levels in the mPFC during adolescence, but not adulthood, interferes with motivational processes, 
mimicking a hallmark symptom of depressive disorders (amotivation). Finally, I focus on the 
relationship between cytoskeletal regulatory proteins and the primary stress hormone, 
corticosterone (CORT), given that stress is a primary predictive factor in depression. I demonstrate 
that elevated CORT decreases levels of Arg kinase and simplifies dendrite structure in the 
hippocampus. Conversely, pharmacologically stimulating Arg kinase rescues CORT-induced 
structural and behavioral deficits. These findings indicate that cytoskeletal regulatory proteins may 
underlie both behaviors and structural impairments that result from elevated CORT levels. The 
experimental results reported in this dissertation ultimately reinforce the idea that the β1-integrin 
— Arg kinase — ROCK2 signaling pathway is essential for normative adolescent development and 
interrupting this signaling cascade may contribute to adolescent-onset disease.  
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1.1 Context for the dissertation 

Adolescence is the transitional period between childhood and adulthood and is considered 

to last from age 10 to 24 (Sawyer et al 2018). This maturational stage incorporates several 

behavioral, physical and biological alterations. Adolescence is associated with an increase in risk-

taking and emotional reactivity, as well as the emergence of neuropsychiatric disease, including 

depression (Spear 2000, Yurgelun-Todd 2007). Such manifestations may be due, in part, to the 

dramatic changes that occur in the brain during adolescence. For example, up to half of the 

synapses, the sites of neurotransmission, per cortical neuron are eliminated, and the volume of the 

brain decreases (Giedd et al 1999, Huttenlocher 1984, Rakic et al 1994). These structural changes 

are accompanied by surges in gonadal and stress hormones, both of which are important for 

neuronal maturation (Spear 2000).  

 Our understanding of brain development during adolescence stems from a combination of 

human imaging studies that reveal structural changes, as well as rodent and nonhuman primate 

studies that provide insight into neurobiological changes. I will begin with a brief overview of the 

structural changes that occur in the brain during adolescence and the role that gonadal and stress 

hormone systems might play. I then introduce long-term potentiation and long-term depression, 

two forms of synaptic plasticity that induce synaptic changes that are similar to the activity-

dependent remodeling that occurs in the brain during adolescence. I next discuss adolescent-onset 

depression, the theories of depression and various antidepressant drugs. I conclude with a 

conceptual framework for this dissertation.  

 

1.2 Structural changes that occur during adolescence 

 MRI studies have been used to track structural changes in the brain during adolescent 

development. These reports reveal that loss of gray matter is associated with maturation and occurs 

last in the prefrontal cortex (PFC), the region of the brain responsible for mood regulation and 

decision making, indicating that it is the final region in the brain to mature (Giedd et al 1999, 
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Gogtay et al 2004). A similar pruning pattern is observed in the prefrontal cortex of nonhuman 

primates (Bourgeois et al 1994, Rakic et al 1994) and rodents (Gourley et al 2012b, Shapiro et al 

2017b), suggesting that it is a critical process for the transition to adulthood. Although the 

molecular mechanisms mediating these events are not fully understood, some research suggests 

that structural instability may contribute to vulnerability to multiple neuropsychiatric diseases 

(Keshavan et al 2014). Better understanding the molecular mechanisms that coordinate adolescent 

brain development may thus reveal novel approaches to conferring resilience to neuropsychiatric 

illness.  

Changes in neuronal morphology are thought to underlie some of the gray matter variability 

in adolescent development. Cytoskeletal polymers, including microtubules, intermediate filaments 

and actin filaments, shape neuronal structure. Microtubules and intermediate filaments form a 

structural matrix within the axon that connects the cell body to the axon terminal. The axon terminal 

is then structured by a complex network of actin filaments that shape the presynaptic terminal, for 

example, of excitatory synapses. On the postsynaptic side, dendrites and dendritic spines similarly 

contain a combination of microtubules and actin filaments (Fletcher & Mullins 2010). The work in 

this dissertation focuses on several cytoskeletal regulatory proteins that mediate changes to dendrite 

and dendritic spine structure.  

 

1.3 Development of hormonal systems 

1.3.1 Gonadal systems. 

 Adolescence is associated with increased activity of gonadal hormone systems. Perhaps 

because of this, the terms “adolescence” and “puberty” are often, inappropriately, used 

synonymously. Adolescence is a gradual transition period comprised of a series of steps towards 

adulthood. Puberty is one such step and refers to changes in the endocrine system that promote 

sexual maturation. Puberty is initiated by the pulsatile release of gonadotropin-releasing hormone 

from the hypothalamus. This triggers the release of follicle-stimulating hormone and luteinizing 
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hormone from the anterior pituitary gland, which in turn stimulates the release of testosterone and 

estrogen (Plant & Barker-Gibb 2004). Gonadal hormones promote the emergence of secondary 

sexual characteristics (Plant & Barker-Gibb 2004) and trigger the release of growth hormone, 

which is responsible for the major growth spurts associated with adolescence (Brazeau et al 1973).  

Both estrogen and testosterone can alter neuronal structure, but estrogen in particular is a 

potent regulator of dendritic spines and synapses. For example, ovariectomy decreases dendritic 

spine and synapse density by approximately 25% in the rat hippocampus, and this loss can be 

reversed by estrogen treatment (Woolley & McEwen 1993). Thus, the surge of gonadal hormones 

in adolescence contributes to the structural changes that occur in the brain during this period. (For 

a thorough review of structural changes induced by gonadal hormones, see (Cooke & Woolley 

2005)).  

 

1.3.2 Hypothalamic-Pituitary-Adrenal axis.  

Activity of the stress hormone system, known as the hypothalamic-pituitary-adrenal axis 

(HPA axis) is also heightened during adolescence. Corticotropin releasing hormone is secreted 

from the hypothalamus and triggers the release of adrenocorticotropic hormone from the anterior 

pituitary gland, prompting secretion of cortisol from the adrenal glands. Adolescents have increased 

circulating levels of cortisol at baseline and in response to stressor exposure (Gunnar et al 2009, 

Stroud et al 2009). Corticosterone (CORT), the rodent homolog of cortisol, is critical for dendritic 

spine remodeling including during adolescence (Liston & Gan 2011), which may explain why 

baseline levels of the hormone are elevated during adolescence. However, excessive CORT 

exposure causes long-lasting atrophy of dendritic spines in adolescent rodents (Barfield & Gourley 

2017, Gourley et al 2013b). Elevated HPA axis activity is a risk factor for depression (Oldehinkel 

& Bouma 2011), and it is possible that the structural changes induced by elevated stress hormones 

contribute to the development of depression. (For a thorough review of the effects of stress on the 

PFC, see (Moench & Wellman 2015)).  
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1.4 Synaptic plasticity  

Long-term potentiation (LTP) and long-term depression (LTD) are two forms of synaptic 

plasticity believed to underlie learning and memory (Ito 1989, Lynch & Baudry 1984). LTP is 

characterized by a prolonged increase in synaptic strength, whereas LTD is a decrease in synaptic 

strength. These processes are primarily facilitated by glutamate transmission and alter neuronal 

morphology. Importantly, LTP and LTD cause synaptic changes that are very similar to those that 

result from activity-dependent remodeling of synapses that occurs during adolescence (Kirkwood 

et al 1995). For example, several of the same signaling factors are engaged in both LTD and 

synaptic pruning, such as metabotropic glutamate receptor 1, and intracellular signaling proteins 

CAMKII, Gαq, PKC and PLCβ4 (Piochon et al 2016). As a result, understanding LTP and LTD 

may provide valuable insights to the mechanistic factors associated with the structural changes that 

occur in the brain during adolescence (Selemon 2013).  

 

1.4.1 Long-term potentiation (LTP). 

LTP was first reported in the 1970s when researchers observed that repetitive stimulation 

of excitatory synapses in the hippocampus induced an increase in synaptic strength that lasted for 

days (Bliss & Gardner-Medwin 1973, Bliss & Lomo 1973). Two important features of LTP are 

input-specificity and cooperativity. Input-specificity refers to the fact that high-intensity 

stimulation of a synapse increases the strength of that specific synapse rather than other synapses 

on that same neuron (Malenka & Nicoll 1999). This property is significant because it increases the 

storage capacity of information, as molecular adaptations are made at each synapse rather than at 

each neuron. Although LTP can occur at individual synapses, strong stimulation at one synapse can 

induce LTP at an adjacent synapse if it is also activated within the same temporal window. This 

property is known as cooperativity and serves as a mechanism for communication between adjacent 

synapses (Malenka & Nicoll 1999).  
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LTP is initiated with the influx of cations through AMPA receptors and subsequent 

depolarization of the cell membrane. Depolarization dislodges the Mg2+ ion that inhibits NMDA 

receptors and allows Ca2+ to flow through the channel. The rise of intracellular Ca2+ levels activates 

several intracellular signaling factors, including calcium-calmodulin-dependent protein kinase II 

(CaMKII) (Lee et al 2009, Lisman et al 2012). Once stimulated by Ca2+, CaMKII 

autophosphorylates, which allows for continued activity after intracellular Ca2+ levels normalize. 

CaMKII catalyzes a wide range of effects immediately following induction of LTP, such as 

insertion of AMPA receptors into the postsynaptic density and formation of CamKII-NDMA 

receptor complexes. CaMKII also increases the volume of the dendritic spine by activating Rho 

GTPases and by binding directly to actin filaments, which expands the postsynaptic density 

(Murakoshi et al 2011, Okamoto et al 2007). These consequences are believed to increase the future 

occurrence of LTP.  

The effects described above occur immediately following LTP in the early phase of LTP, 

however there are also delayed consequences that occur in the late phase of LTP that promote long-

lasting changes to the synapse. Such delayed effects include an increase in the frequency of 

neurotransmitter release from the presynaptic terminal, an increase in scaffolding proteins in the 

postsynaptic density and stimulation of constitutively active transcription factors like cAMP 

response element binding protein (CREB) (Herring & Nicoll 2016, Kandel 2001, Malenka & Nicoll 

1999). (For a more thorough discussion of LTP, see recent reviews (Herring & Nicoll 2016, Nicoll 

2017)).  

 

1.4.2 Long-term depression (LTD). 

 While LTP results from brief, high-intensity stimulation of a synapse, LTD is induced by 

prolonged, low-intensity stimulation, which in turn activates AMPA and NMDA receptors and 

often metabotropic glutamate receptors (Collingridge et al 2010, Luscher & Huber 2010). When 

LTD occurs after LTP, it is considered depotentiation, as this form of LTD serves to refine the 
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molecular changes that result from LTP (Dudek & Bear 1992, Fujii et al 1991). LTD can also be 

induced de novo, at synapses that have not recently undergone LTP. In either case, low-intensity 

stimulation causes a small influx of Ca2+ that is not sufficient to trigger the intracellular LTP 

response, but instead activates distinct signaling pathways. Like LTP, LTD has a wide range of 

effects that are not entirely understood, however, LTD is known to promote the removal of AMPA 

receptors from the synapse, reduce the probability of neurotransmitter release from the presynaptic 

terminal and shrink of dendritic spine size. These changes reduce the likelihood of LTP occurring 

at the synapse. (For a thorough review, see (Collingridge et al 2010)).  

Some evidence suggests that the adolescent brain is highly permissive to de novo LTD, 

which may contribute to the synaptic pruning that occurs during adolescent development. For 

example, in early development, NMDA receptor NR2B subunits predominate, but during 

adolescence, expression of NR2A increases and NR2A becomes the most prevalent isoform of 

NMDA subunits in the brain. NR2B-containing NDMA receptors are more conducive to LTP than 

those containing NR2A, as they allow for greater Ca2+ influx and have a higher affinity for CaMKII 

(Monyer et al 1994, Strack & Colbran 1998, Yashiro & Philpot 2008). The increase in NR2A 

relative to NR2B could thus favor the induction of LTD. Further, neurodevelopmental disorders 

associated with abnormal dendritic spine structure are often also accompanied by irregular LTD 

(Piochon et al 2016). The most obvious example of this is Fragile X syndrome. Rodent models of 

the disease have a higher density of immature dendritic spines, potentially indicative of a failure to 

prune and highly dysregulated LTD (Comery et al 1997, Huber et al 2002). Clarifying the 

mechanisms that underlie LTP and LTD will likely provide insight to the structural changes that 

occur in the adolescent brain under physiological and pathological conditions.  
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1.5 Depression 

1.5.1 Adolescent-onset depression: an overview.  

Recent studies conducted by the World Health Organization determined that approximately 

50% of all lifetime mental disorders start by the mid-teens and 75% by the early twenties (Kessler 

et al 2007). Further, the 2010 Global Burden of Disease study reported that mental health and 

substance use disorders accounted for 183.9 million disability-adjusted life years (DALYs), 

referring to the sum of years of life lost to premature mortality and years of life lived with disability. 

Of these disorders, depressive disorders represented the largest burden of disease (Whiteford et al 

2013). Major Depressive Disorder, more commonly referred to as simply “depression,” is defined 

by the Diagnostic and Statistical Manual of Mental Disorders as the manifestation of five or more 

symptoms that reflect depressed mood or the loss of pleasure for two or more weeks (National 

Institute of Mental Health 2016). Depression is a heterogeneous disease, as not all patients present 

the same series of symptoms, which makes it challenging to identify the underlying molecular 

mechanisms and to develop treatment options.  

Adolescent-onset depression is a particular concern because it is associated with treatment 

resistance and recurrence throughout the lifespan (Birmaher 2007, DeFilippis & Wagner 2014, 

Kovacs et al 1994, Lewinsohn et al 1991). Recent statistics indicate that 19.5% of females and 

5.8% of males between 12-17 suffered from a major depressive episode within the past year 

(Substance Abuse and Mental Health Services Administration 2017). In 2004, the FDA issued a 

black box warning on the use of antidepressants on those under the age of 24, due to an increased 

risk of suicidal ideation (Friedman 2014, Isacsson & Rich 2014). As a result, there is a dire need 

for the development of novel antidepressants suitable for adolescents.  

 

1.5.2 The monoamine theory of depression.  

The monoamine theory of depression postulates that depression is caused by a reduction in 

monoamine neurotransmitters, dopamine, norepinephrine and serotonin (Coppen 1967, Schildkraut 
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1965). This hypothesis emerged following the observation that reserpine, a drug that blocks 

monoamine reuptake could induce a depressive state in some individuals and was further supported 

by the fact that monoamine oxidase inhibitors (MAOIs) and tricyclic antidepressants (TCAs) 

increase synaptic monoamines and have antidepressant consequences (Duman et al 1997). MAOIs 

prevent the breakdown of monoamines, extending their duration in the synapse. This was the first 

class of drugs developed to treat depression, but present several safety concerns due to the 

widespread effects of inhibiting monoamine oxidase (Hillhouse & Porter 2015). MAOIs were 

replaced by TCAs, drugs with a primary mechanism of action to block norepinephrine and 

serotonin transporters, increasing neurotransmitter levels at the synapse. TCAs also antagonize 

adrenergic, muscarinic and histaminergic receptors, which although may contribute to their 

therapeutic efficacy, are associated with undesirable side effects including dizziness, drowsiness 

and memory impairments (Hillhouse & Porter 2015).  

 

1.5.3 The development of selective serotonin reuptake inhibitors. 

 Selective serotonin reuptake inhibitors (SSRIs) were developed with a more specific 

mechanism of action in an attempt to maintain efficacy of TCAs while reducing side effects. As 

the name indicates, SSRIs exclusively inhibit the serotonin transporter to increase synaptic levels 

of serotonin, and do not affect other neurotransmitter systems (Hillhouse & Porter 2015). 

Additional support for SSRIs emerged from studies pointing to dysfunction of serotonin in 

depressed patients. For example, depressed patients had decreased circulating levels of the 

tryptophan, the serotonin precursor, and serotonin levels were reduced in postmortem brains of 

depressed patients (Cowen et al 1989, Shaw et al 1967). SSRIs, although potentially not as 

efficacious as TCAs in reducing depression symptoms, were more tolerable, thus patients on SSRIs 

were less likely to discontinue use (Anderson 1998). Currently, SSRIs are the most commonly 

prescribed antidepressants, and the SSRI fluoxetine is the first line of treatment for adolescent-

onset depression (Garland et al 2016, Vitiello & Ordonez 2016). Although fluoxetine is the most 
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effective pharmacotherapy for treating depression in adolescents, approximately half fail to respond 

(Birmaher 2007, Cipriani et al 2016, Emslie et al 2010).  

Depletion of monoamines in healthy patients is not sufficient to induce depression, 

suggesting that an increase in monoamines is just one aspect of the antidepressant mechanism 

(Salomon et al 1997). Further, TCAs and SSRIs rapidly increase neurotransmitter concentrations 

at the synapse, but do not exert their therapeutic effects for weeks or months. A more focused 

serotonin-centric theory addressed these concerns following a series of studies that reported that 

depressed patients have decreased physiological responses to 5HT1A receptor agonists and reduced 

5HT1A receptor binding (Blier & de Montigny 1994, Drevets et al 1999). Perhaps increasing 

neurotransmitter levels at the synapse altered serotonergic receptor sensitivity, and these 

neuroadaptations could explain the delay in the therapeutic efficacy associated with TCA and SSRI 

treatment (Blier & de Montigny 1994). 5HT1A receptor agonists do not have antidepressant effects, 

however, suggesting that increased activity at 5HT1A alone is not sufficient for therapeutic 

efficacy.  

 

1.5.4 The neurotrophic theory of depression and antidepressant efficacy.  

The neurotrophic theory of depression and antidepressant efficacy emerged following a 

report indicating that chronic electroconvulsive seizure, MAOIs, SSRIs, and TCAs all increased 

mRNA levels of the neurotrophic factor, brain derived neurotrophic factor (BDNF) and its receptor, 

TrkB (Nibuya et al 1995). BDNF and TrkB are critical for neuronal maturation and survival and 

synaptic plasticity (for a recent review, see (Zagrebelsky & Korte 2014)). Several studies report 

that depressed patients have reduced BDNF levels, and antidepressant treatment can restore levels 

(Duman & Monteggia 2006). Further, studies in animal models find that that infusion of BDNF or 

overexpression of TrkB has antidepressant-like effects, and antidepressants are ineffective in mice 

with impaired TrkB signaling (Koponen et al 2005, Saarelainen et al 2003, Siuciak et al 1997).  
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Despite the mounting evidence implicating BDNF and TrkB in depression and 

antidepressant mechanisms, developing novel antidepressant agents that capitalize on these 

findings has been a challenge. BDNF itself is too large to cross the blood brain barrier so it cannot 

be administered systemically. Intraventricular or intrathecal infusion of BDNF directly into the 

central nervous system has widespread adverse effects (Nagahara & Tuszynski 2011). 

Nevertheless, gene delivery of BDNF and drugs that increase BDNF levels or TrkB signaling are 

both actively being explored for the treatment of depression (Nagahara & Tuszynski 2011).  

 

1.5.5 Ketamine.  

Most recently, a subanesthetic dose of ketamine was found to have rapid antidepressant 

effects (Berman et al 2000). Ketamine is an NMDA receptor antagonist and has also been shown 

to increase TrkB signaling (Li et al 2010b). Unfortunately, ketamine has limited therapeutic 

potential, as it has hallucinogenic and addictive properties (Naughton et al 2014). Studies in rodents 

suggest that the ketamine may not exert antidepressant effects in adolescents, further limiting its 

utility (Nosyreva et al 2014). Other NMDA receptor antagonists are currently being explored as 

potential antidepressants, but most seem to have modest efficacy compared to ketamine (Iadarola 

et al 2015). The discovery of ketamine as a therapeutic agent has revitalized the search for novel 

antidepressants, specifically those with rapid onset, and that are suitable for adolescents. (For 

thorough reviews on ketamine, see (Abdallah et al 2015, Iadarola et al 2015)).  

 

1.6 A framework for the dissertation 

This dissertation explores the involvement of cytoskeletal regulatory proteins in 

antidepressant-like efficacy and depression-related behaviors, particularly during adolescence. 

These studies were motivated by the perspective that several neuropsychiatric diseases, including 

depression, emerge during adolescence, a period of substantial structural and synaptic remodeling. 

Adolescent-onset depression is a particular concern because it impacts approximately 12% of 
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adolescents and is associated with treatment resistance and recurrence throughout the lifespan 

(Birmaher 2007, Center for Behavioral Health Statistics and Quality 2016, DeFilippis & Wagner 

2014, Klein et al 1988, Kovacs et al 1994, Lewinsohn et al 1991, Substance Abuse and Mental 

Health Services Administration 2017).  

The emergence of neuropsychiatric diseases during adolescence prompts the question: 

what is occurring in the brain at this time that may be contributing to the development of these 

disorders? During adolescence, the prefrontal cortex undergoes structural reorganization, in which 

dendritic spines and synapses are eliminated, refined and remodeled. This reorganization is 

conserved across species and is believed to be critical for maturation (Bourgeois et al 1994, 

Huttenlocher 1990, Rakic et al 1994, Shapiro et al 2017b); however, there is also evidence 

suggesting that it contributes to the onset of neuropsychiatric disease (Christoffel et al 2011, 

Keshavan et al 2014). Thus, I believe that elucidating the function of cytoskeletal regulatory 

proteins, those that facilitate postnatal changes in neuronal morphology, during adolescence, will 

advance our understanding of structural remodeling in both physiological and pathological 

circumstances.  

β1-integrin is critically important for regulating neuronal structure, including during 

adolescence. Integrin receptors are heterodimeric receptors activated by extracellular matrix 

proteins. β1-integrin is localized at the synapses where it facilitates synaptic transmission and 

neuroplasticity (Chan et al 2006, Kramar et al 2006, Pinkstaff et al 1998). β1-integrin can bind 

directly to the nonreceptor tyrosine kinase, Arg kinase, to facilitate neuronal stability (Moresco et 

al 2005, Simpson et al 2015, Warren et al 2012). Previous studies report that both β1-integrin and 

Arg kinase are critical for structural maturation of neurons during adolescence (Gourley et al 2012b, 

Warren et al 2012). Arg kinase indirectly inhibits Rho-kinase (ROCK) to facilitate neuronal 

remodeling (Sfakianos et al 2007). There are two isoforms of ROCK: ROCK1 and ROCK2, and 

ROCK2 is the dominant isoform in the brain (Duffy et al 2009, Nakagawa et al 1996). ROCK2 
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inhibits cofilin-mediated actin cycling, which is the processes by which actin polymerization and 

depolymerization alters neuronal morphology. Throughout this dissertation, I focus on the β1-

integrin — Arg kinase — ROCK2 signaling cascade.  

The dissertation begins with chapter 2, Differential expression of cytoskeletal regulatory 

factors in the adolescent prefrontal cortex: Implications for cortical development. I first report that 

the medial prefrontal cortex (mPFC) and the adjacent orbital prefrontal cortex (OFC) have distinct 

developmental trajectories as dendritic spines are eliminated between postnatal day (P) 31-P42 in 

the mPFC but between P39-56 in the OFC. I then reveal the protein levels of several cytoskeletal 

regulatory factors, including β1-integrin, Arg kinase and ROCK2, along with synaptic markers and 

neurotrophic factors at 3 distinct time points during adolescence in the mPFC, OFC, CA1-rich 

dorsal hippocampus and CA3-rich ventral hippocampus. Levels of these proteins are quite variable 

across time, highlighting the dynamic nature of the adolescent time period. Chapter 2 concludes 

with an extensive discussion of each of the proteins examined and integrates our findings with 

previous studies on their influence on adolescent development.  

In chapter 3, Rho-kinase inhibition has antidepressant-like efficacy and expedites dendritic 

spine pruning in adolescent mice, I test the hypothesis that expediting the structure remodeling, 

that we and others observe during adolescence, may be therapeutic. Specifically, I evaluate the 

antidepressant-like efficacy of the ROCK inhibitor, fasudil. I report that fasudil has antidepressant-

like efficacy in adolescent, but not adult, mice, and its efficacy is comparable to, or exceeding that 

of known antidepressant agents. I observe that fasudil administration eliminates dendritic spines in 

the mPFC while increasing PSD-95 expression, suggesting that fasudil is enhancing pruning and 

strengthening remaining spines. Notably, fasudil does not alter dendritic spine densities in the OFC, 

suggesting that elimination of dendritic spines in the mPFC is uniquely important for fasudil’s 

antidepressant-like efficacy. Consistent with this notion, selective silencing of ROCK2 in the 
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mPFC recapitulates the antidepressant-like effects of systemic fasudil treatment. These data 

identify ROCK2 as a novel therapeutic target for the treatment of adolescent-onset depression.  

Next, in chapter 4, Early-life β1-integrin is necessary for reward-related motivation, I shift 

our focus to β1-integrin. The findings in the previous chapter indicate that expediting structural 

remodeling during adolescence through ROCK2 inhibition has antidepressant-like effects. Given 

that activation of β1-integrin inhibits ROCK2 (Sfakianos et al 2007, Simpson et al 2015, Warren 

et al 2012), I test the theory that impeding β1-integrin activity would induce a depressive-like 

phenotype, with the caveat that depressive-like behaviors are not simply “the inverse” of 

antidepressant-like effects. Using mice ‘floxed’ for Itgb1, site-selectively reduce β1-integrin levels 

in the mPFC. I report that adolescent-onset Itgb1 knockdown impairs reward-related motivational 

processes, while sparing other depression- and anxiety-related behaviors. Importantly, adult-onset 

Itgb1 knockdown does not affect reward-related motivation. These data highlight a 

developmentally-sensitive influence of β1-integrin on motivation.  

In chapter 5, Corticosteroid-induced dendrite loss and behavioral deficiencies can be 

blocked by activation of Abl2/Arg kinase, I investigate the effects of the primary stress hormone 

corticosterone (CORT) on cytoskeletal regulatory factors and dendrite arbor structure. Unlike in 

the previous 3 chapters, I focus on the CA1 region of the hippocampus, a long-standing model 

system for understanding the effects of stress on neuronal structure. I observe that CORT exposure 

reduces Arg kinase expression at a time period that corresponds with simplification of basal arbors 

on hippocampal neurons. I am able to rescue CORT-induced structural and behavioral deficits by 

stimulating Arg kinase pharmacologically with the enhancer DPH. These findings highlight the 

relevance of the β1-integrin — Arg kinase — ROCK2 signaling cascade beyond the prefrontal 

cortex and further illustrate the utility of pharmacologically targeting this signaling cascade for 

therapeutic purposes.  



 15 
 

Finally, chapter 6 synthesizes the findings of chapters 2 through 5 with a summary of the 

data reported in each. I describe the impact of cytoskeletal regulatory factors in the maturation of 

the prefrontal cortex. Throughout, I focus the influence of the β1-integrin — Arg kinase — ROCK2 

signaling cascade on antidepressant-like mechanisms and the expression of depression-related 

behaviors. This final chapter also identifies limitations of our studies and provides a discussion of 

future directions for these lines of research.  
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2.1 Context, Author’s Contribution, and Acknowledgement of Reproduction  

The following chapter presents dendritic spine densities from two subregions of the 

prefrontal cortex during adolescent development. It also reports protein levels of several 

cytoskeletal regulatory factors in the prefrontal cortex and the hippocampus at three distinct time 

points during adolescent development. The chapter concludes with an extensive review of 

cytoskeletal regulatory proteins involved in neuronal remodeling during adolescence. The data 

presented were collected by the dissertation author and Dr. Ryan Parsons. The work was 

conceptualized, organized and written by the dissertation author and Dr. Shannon Gourley with 

guidance from Dr. Anthony Koleske. The chapter is reproduced with minor edits from Shapiro LP, 

Parsons RG, Koleske AJ and Gourley SL (2017) Differential expression of cytoskeletal regulatory 

factors in the adolescent prefrontal cortex: Implications for cortical development. Journal of 

Neuroscience Research 95(5):1123-1143.   
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2.2 Abstract 

The prevalence of depression, anxiety, schizophrenia, and drug and alcohol use disorders peaks 

during adolescence. Further, up to 50% of “adult” mental health disorders emerge in adolescence. 

During adolescence, the prefrontal cortex undergoes dramatic structural reorganization, in which 

dendritic spines and synapses are refined, pruned, and stabilized. Understanding the molecular 

mechanisms that underlie these processes should help to identify factors that influence the 

development of psychiatric illness. Here we briefly discuss the anatomical connections of the 

medial and orbital prefrontal cortex (mPFC and OFC, respectively). We then present original 

findings suggesting that dendritic spines on deep-layer excitatory neurons in the mouse mPFC and 

OFC prune at different adolescent ages, with later pruning in the OFC. In parallel, we used western 

blotting to define levels of several cytoskeletal regulatory proteins during early, mid-, and late 

adolescence, focusing on tropomyosin-related kinase receptor B (TrkB) and β1-integrin-containing 

receptors and select signaling partners. We identified regional differences in the levels of several 

proteins in early and mid-adolescence that then converged in early adulthood. We also observed 

age-related differences in TrkB levels, both full-length and truncated isoforms, Rho-kinase 2 

(ROCK2), and synaptophysin in both PFC subregions. Finally, we identified changes in protein 

levels in the dorsal and ventral hippocampus that were distinct from those in the PFC. We conclude 

with a general review of the manner in which TrkB- and β1-integrin-mediated signaling influences 

neuronal structure in the postnatal brain. Elucidating the role of cytoskeletal regulatory factors 

throughout adolescence may identify critical mechanisms of PFC development.  
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 2.3 General Introduction 

 Adolescence represents a critical period of neurodevelopment, defined by significant 

structural and synaptic maturation within the prefrontal cortex (PFC). Synapses and dendritic 

spines, the primary contact sites of excitatory synapses in the brain, are refined, pruned, and 

stabilized (e.g., (Bourgeois et al 1994, Gourley et al 2012b, Huttenlocher & Dabholkar 1997, Koss 

et al 2014, Rakic et al 1994)). Additionally, changes in gross PFC volume can be detected across 

rodent-human species (Giedd et al 1999, van Eden & Uylings 1985). This structural remodeling is 

believed to establish a foundation for the transition to adulthood. It may also, however, open a 

window of vulnerability to the development of psychiatric illness.  

 The prevalence of depression, anxiety, schizophrenia, and drug and alcohol use disorders 

peaks during adolescence worldwide (Davidson et al 2015, Whiteford et al 2013). Furthermore, 

approximately 50% of “adult” mental health disorders emerge during adolescence (Belfer 2008, 

Kessler et al 2005). Abnormalities in PFC maturation are associated with neuropsychiatric illness. 

For example, an MRI study of adolescents determined that depression symptoms are associated 

with thicker ventromedial PFC volume (Ducharme et al 2014), potentially suggestive of a failure 

in neuropil pruning. Another recent study determined that complement component 4A, a protein 

known to facilitate synaptic pruning during adolescence in mice, is 1.4-fold higher in individuals 

suffering from schizophrenia than healthy controls (Sekar et al 2016). Elevated complement 

component 4A could contribute to excessive synapse elimination in schizophrenia, in line with 

evidence that schizophrenia is characterized by decreased dendritic spine density in the PFC and 

progressive cortical thinning that is also associated with symptom severity (Cannon et al 2015, 

Cannon et al 2002, Garey et al 1998, Glantz & Lewis 2000). Understanding the molecular 

mechanisms regulating structural remodeling of neurons in the PFC – under both typical and 

pathological circumstances – during adolescence could provide valuable insight into the 

mechanisms underlying adolescent-onset neuropsychiatric illness.  
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 The PFC can be grossly divided into the medial and orbital PFC (mPFC and OFC, 

respectively). These structures appear to have distinct developmental trajectories; for example, the 

maximum volume of the mPFC occurs at postnatal day (P) 24 in rats, whereas the maximal OFC 

volume is detectable later, at P30 (van Eden & Uylings 1985).  

 In this review, we will briefly outline key differences in some of the afferent and efferent 

projections of the mPFC and OFC. Next, we will introduce a constellation of proteins that regulates 

neuronal structural plasticity and stability in the postnatal brain. Then, we will present original data 

illustrating differential expression of these synaptic, neurotrophic, and cytoskeletal regulatory 

signaling factors during early, mid-, and late adolescence in the PFC subregions of the mouse. The 

distinct developmental trajectories of protein levels may be critical for the typical maturation of 

mPFC and OFC neurons. For some targets, we also compare protein levels in the dorsal and ventral 

hippocampus (DHC and VHC, respectively). Finally, we conclude with a general review of the 

manner in which TrkB and β1-integrin and associated signaling partners are currently believed to 

regulate neuronal structure. 

  

2.3.1 Connections of the PFC 

 The mPFC contains the anterior cingulate, prelimbic, and infralimbic cortices, as well as 

the medial OFC, situated at the base of the medial wall (Heidbreder & Groenewegen 2003) (fig. 

2.1a). The OFC extends across the ventral surface of the rostral PFC and generally refers to the 

ventrolateral and dorsolateral OFC regions, as well the agranular insular cortex (Ongur & Price 

2000) (fig. 2.1a). Reciprocal connections between the mPFC and OFC allow for communication 

within the PFC (Heidbreder & Groenewegen 2003, Hoover & Vertes 2011). Additionally, the 

mPFC and OFC both have rich connections (both direct and via relays) with structures such as the 

amygdala, thalamus, hippocampus, and striatum.  

 In addition to these similarities, there are key distinctions between the mPFC and OFC. 

For example, sensory modalities converge in the OFC but spare the mPFC (Carmichael & Price 
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1995, Hoover & Vertes 2011, Reep et al 1996). The mPFC and OFC each also have discrete 

projections to the striatum. Within the mPFC, the ventral prelimbic and infralimbic cortices project 

to the nucleus accumbens shell, whereas the dorsal prelimbic and cingulate cortices preferentially 

project to the nucleus accumbens core (Berendse et al 1992, Heidbreder & Groenewegen 2003, 

Rodriguez-Romaguera et al 2015) (fig. 2.1a), and these patterns are associated with the differential 

roles of the dorsal and ventral mPFC in drug-seeking behaviors in animal models of addiction 

(Gourley & Taylor 2016, Moorman et al 2015). The mPFC also innervates the medial and central 

aspects of the dorsal striatum (Berendse et al 1992, Mailly et al 2013) (fig. 2.1a), connections 

associated with PFC control over goal-directed action (Hart et al 2014).  

 In contrast, the agranular insular cortex projects to the ventral compartment of the nucleus 

accumbens, and the mOFC targets the dorsal compartment, with relatively sparse ventral striatal 

innervation by the ventral, lateral, and dorsolateral regions of the OFC (Berendse et al 1992, Hoover 

& Vertes 2011, Rodriguez-Romaguera et al 2015, Schilman et al 2008) (fig. 2.1a). The OFC 

projects to the dorsal striatum in a topographically-organized fashion, with the medial OFC 

innervating the medial-most region adjacent to the lateral ventricles, and the ventrolateral and 

dorsolateral OFC innervating the central and lateral aspects, respectively. Finally, the agranular 

insula targets the ventral and lateral compartments of the dorsal striatum (Berendse et al 1992, 

Hoover & Vertes 2011, Schilman et al 2008, Zimmermann et al 2015). OFC-striatal interactions 

are associated with selecting behaviors based on the likelihood that they will be reinforced (Gourley 

et al 2013a) or the value of the reinforcer (Gremel & Costa 2013), as well as the expression of 

conditioned fear (Rodriguez-Romaguera et al 2015). Both the mPFC and OFC can receive indirect 

input from the striatum relayed through thalamic nuclei (Hoover & Vertes 2007).  

 The mPFC and the OFC also share reciprocal connections with the basolateral amygdala 

(BLA), however there are differences in their innervation patterns (Cho et al 2013, Heidbreder & 

Groenewegen 2003, Kita & Kitai 1990, Zimmermann et al 2015). The OFC shares reciprocal 

projections with the basolateral amygdala (BLA). This connectivity is critical for goal-directed 
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decision making, as disconnecting the BLA from the ventrolateral OFC results in habit-based 

behavior (Zimmermann et al 2015). Although indirect projections from the OFC to the BLA via 

the thalamus have been reported in primates and rats, this circuitry is disputed in mice (Matyas et 

al 2014, Timbie & Barbas 2014, van Vulpen & Verwer 1989).  

 In the rodent, the mPFC neurons targeting the amygdala do not appear to relay though the 

mediodorsal thalamus, and have a broader projection pattern innervating multiple nuclei of the 

amygdala (Heidbreder & Groenewegen 2003, Matyas et al 2014). Within the mPFC, neurons in the 

prelimbic subregion project to the basal nucleus of the amygdala, whereas the medial orbital and 

the infralimbic cortices send projections to the BLA (Groenewegen et al 1997, McDonald et al 

1996, Sesack et al 1989) and the central nucleus (Hoover & Vertes 2011, McDonald et al 1996). 

Neurons from the caudal region of the BLA innervate the infralimbic cortex and the ventral section 

of the prelimbic cortex, while neurons in the rostral region of the BLA project to the lateral OFC 

and agranular insular cortex (Kita & Kitai 1990, Sarter & Markowitsch 1983). 

 In contrast to the striatum and the amygdala, there are no direct projections from the PFC 

to the hippocampus (Heidbreder & Groenewegen 2003, Hoover & Vertes 2007, Hoover & Vertes 

2011, Laroche et al 2000). Rather, reciprocal connections from the thalamus to the hippocampus 

and PFC could be responsible for shuttling information from the PFC subregions to the 

hippocampus (Heidbreder & Groenewegen 2003, Hoover & Vertes 2011, Ito et al 2015, Vertes 

2006, Vertes et al 2007). Further, neurons in both the mPFC and OFC innervate the entorhinal 

cortex (Heidbreder & Groenewegen 2003, Hoover & Vertes 2011, Kondo & Witter 2014, Vertes 

2004), a primary interface between the hippocampus and cortex (Agster & Burwell 2013, van 

Groen et al 2003). The entorhinal cortex has widespread projections throughout the mPFC and the 

OFC, whereas the DHC and the VHC have more limited innervation patterns in comparison 

(Delatour & Witter 2002, Hoover & Vertes 2007, Insausti et al 1997).The mPFC nevertheless 

receives direct input from the DHC and VHC, with markedly more substantial input from the VHC 

(Hoover & Vertes 2007). VHC projections to the OFC are present, but they are sparser by 
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comparison (Cenquizca & Swanson 2007, Hoover & Vertes 2007, Jay et al 1989, Jay & Witter 

1991, Vertes et al 2007).  

 

2.3.2 Brain-derived neurotrophic factor (BDNF)-TrkB and β1-integrin-mediated signaling 

influence neuronal morphology 

BDNF is a member of the Nerve Growth Factor family and is involved in neuronal 

development, morphology, and synaptic plasticity. BDNF is synthesized as a 32 kD pro-peptide, 

known as proBDNF, which contains a prodomain that can be cleaved to yield the 14 kD mature 

neurotrophin, mBDNF. ProBDNF activates the p75 receptor, whereas mBDNF binds with highest 

affinity to TrkB, and can also activate truncated forms of the receptor (TrkB.T1) (Fenner 2012, Lu 

et al 2005).  

 What are the functions of TrkB receptors? Full-length TrkB receptors are comprised of an 

extracellular region containing a ligand-binding domain, a transmembrane region, and an 

intracellular section with a tyrosine kinase domain. Upon BDNF binding, the TrkB receptor 

dimerizes, and the tyrosine kinase domains autophosphorylate. Activated tyrosine kinase domains 

provide docking sites for the recruitment of intracellular signaling molecules that contribute to the 

widespread effects of BDNF/TrkB activity (Deinhardt & Chao 2014). Truncated isoforms of TrkB 

receptors lack the intracellular kinase domain and can dimerize with full-length receptors but are 

unable to activate the canonical signaling cascades (Deinhardt & Chao 2014). Although less is 

known about the truncated isoforms, there is evidence that they can initiate distinct signaling 

cascades (Ohira et al 2005).  

Aberrant BDNF expression and TrkB signaling is associated with several neuropsychiatric 

disorders including anxiety and depression, bipolar disorder, and schizophrenia (Autry & 

Monteggia 2012, Duman & Monteggia 2006). Further, typical and atypical antidepressants increase 

BDNF and Bdnf expression in the human and rodent hippocampus and increase TrkB activation 

throughout cortico-hippocampal regions (Chen et al 2001, Nibuya et al 1995, Rantamaki et al 2007, 
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Saarelainen et al 2003). Antidepressant treatment also restores cortico-hippocampal BDNF levels 

in rodents with a history of stress hormone exposure (modeling risk factors in depression) (e.g., 

(Gourley et al 2012a, Gourley et al 2012c)). Given that dysregulated BDNF-TrkB signaling is 

implicated in neuropsychiatric illness, and that restoration of signaling is associated with recovery 

from these illnesses, we characterized the developmental expression profile of proBDNF and 

mBDNF, as well as full-length and truncated forms of the TrkB receptor in the mPFC, OFC, DHC, 

and VHC.  

We also focused on β1-integrin and downstream signaling factors. Integrin receptors are 

cell adhesion factors activated by extracellular matrix proteins. β1-integrin is one subunit of a 

heterodimeric integrin receptor and is localized to synapses (Mortillo et al 2012). β1-integrin-

containing receptors are critical for synaptic transmission, long-term potentiation (LTP), synapse 

maturation, and dendrite and dendritic spine stability in the postnatal brain (Chan et al 2007, Chan 

et al 2006, Huang et al 2006, Kerrisk et al 2013, Warren et al 2012). Knockout of Itgb1, encoding 

β1-integrin, in excitatory neurons of the forebrain results in significant dendrite and synapse 

destabilization in hippocampal CA1 between P21 and P42, the equivalent of adolescence in rodents 

(Warren et al 2012). These findings suggest that β1-integrin is necessary for structural stabilization 

during adolescence. Studies using in vitro approaches further indicate that β1-integrin signaling is 

essential for the formation and maturation of dendritic spines and synapses, as shRNA or antibodies 

against β1-integrin interfere with these processes (Ning et al 2013, Orlando et al 2012). In neurons, 

activation of β1-integrin-containing receptors stimulates Abl2/Arg kinase, also essential for 

dendrite and dendritic spine stabilization in hippocampal and cortical neurons (Gourley et al 2012b, 

Sfakianos et al 2007, Warren et al 2012). For example, integrin-Arg signaling activates 

p190RhoGAP to inhibit RhoA GTPase (Rho) signaling, ultimately stabilizing dendrite arbors. 

  Despite the numerous studies elucidating the functions of these various cytoskeletal 

regulatory proteins, few have established the developmental trajectory of these proteins across 

adolescence, particularly in the PFC. Here we first enumerated dendritic spines in deep-layer mPFC 



 25 
 

and OFC and then characterized levels of several synaptic, neurotrophin, and cytoskeletal 

regulatory factors during adolescent development. We find that dendritic spine elimination in deep-

layer mPFC occurs earlier than in the OFC, in parallel with gross volumetric changes reported in 

these regions (van Eden & Uylings 1985). Additionally, proteins associated with β1-integrin-

mediated signaling are expressed at higher levels in the OFC than mPFC early in adolescence, 

whereas the levels of full-length and truncated isoforms of the TrkB receptor and synaptic markers 

are differentially expressed later, in mid-adolescence. These spatiotemporal differences in protein 

levels may be associated with the differential timing of PFC neuron structural maturation.  
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2.4 Methods and results associated with original research findings 

2.4.1 Subjects. Subjects for biochemical analyses were wild type C57BL/6 female mice (Jackson 

Labs). We chose to use females mice since females are largely underrepresented in preclinical 

neuropsychiatric research (Clayton & Collins 2014), despite the fact that women report 

significantly higher rates of mood and anxiety disorders than men (Eaton et al 2012). For dendritic 

spine analyses, mice of both sexes expressed Yellow Fluorescent Protein (YFP) under the control 

of neuron-specific elements in the Thy1 gene (Feng et al 2000) and were back-crossed for at least 

10 generations onto a C57BL/6 background. When possible, a single litter contributed to multiple 

time points. Throughout, mice were randomly assigned to early, mid-, or late adolescent treatment 

groups. Ages are indicated, with adolescence defined as P28-56 (Spear 2000). Mice were housed 

2-8 per cage, maintained on a 12-hour light cycle (0700-0800 on), and provided food and water ad 

libitum. Procedures were Emory University IACUC-approved.  

 

2.4.2 Dendritic spine analysis. Mice were briefly anaesthetized with isoflurane and euthanized by 

rapid decapitation. Brains were extracted and submerged in chilled 4% paraformaldehyde for 48 

hr, then transferred to 30% w/v sucrose and sectioned into 40 or 50 μm coronal sections on a 

freezing microtome held at -15º C.  

We compiled dendritic spine counts from 2 independent studies. Apical dendrites of mPFC 

neurons with cell bodies located in layer V were imaged using a Leica SP8 laser scanning confocal 

microscope with a 100X 1.4 numerical aperture objective and a 0.1 μm step size. We then 

confirmed at 10X magnification that the images were collected from the ventral prelimbic 

subregion of the mPFC, corresponding to plates 14-16 in The Mouse Brain in Stereotaxic 

Coordinates (Paxinos & Franklin 2002). Dendrites were located 25-150 μm from the cell body. 2-

8 segments, each 20-25 μm in length, were imaged per mouse and 5-11 mice were used/time point. 

Each mouse considered an independent sample.  
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Deep-layer OFC neurons were imaged in separate experiments contributing to ref. 

(Gourley et al 2012b). Briefly, dendritic segments were imaged on a laser scanning confocal 

microscope (Olympus Fluoview FV1000) using a 100X 1.4 numerical aperture objective and Z-

steps of 0.5 µm. After imaging, we confirmed that the image was collected from the ventrolateral 

OFC, with 2-8 dendrites per mouse and each mouse considered an independent sample. Dendrites 

were collected from secondary branches within 50-150 µm of the soma and were 11-85 µm in 

length. Due to the relatively stellate appearance of OFC neurons, apical vs. basal branches were not 

distinguished in this analysis (for direct comparison to mPFC neurons, see (Kolb et al 2008, Liston 

et al 2006)) 

Throughout, collapsed z-stacks were analyzed using NIH ImageJ: Each protrusion <4 µm 

was considered a spine (Peters & Kaiserman-Abramof 1970) and counted. If a spine bifurcated, 

only the longest arm was measured and counted. Individual planes were also evaluated to detect 

protrusions extending perpendicular to the collapsed z-stack. Total spine number for each segment 

was normalized to the length of the dendritic segment to generate density values. All scoring was 

conducted by blinded raters. Because mPFC vs. OFC images were collected as part of 2 

independent studies using different methods, we caution against directly comparing between 

structures. Rather, we aim to highlight differences in dendritic spine densities between ages within 

each structure. 

 

2.4.3 Immunoblotting. Mice were briefly anaesthetized with isoflurane and euthanized by rapid 

decapitation, and brains were extracted and frozen at -80ºC. Frozen brains were sectioned using a 

chilled brain matrix into 1 mm sections, and tissue was extracted using a 1 mm diameter tissue 

core. OFC tissue punches would be expected to include the dorsolateral and ventrolateral OFC, as 

well as agranular insular cortex, whereas mPFC tissue punches included anterior cingulate, 

prelimbic, and infralimbic cortices, as well as the medial OFC. The DHC and VHC punches would 

be expected to contain CA1, CA3, and the dentate gyrus sub-regions of the hippocampus. Tissues 
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were homogenized by sonication in lysis buffer (200 µl: 137 mM NaCl, 20 mM tris-HCL [pH=8], 

1% igepal, 10% glycerol, 1:100 Phosphatase Inhibitor Cocktails 2 and 3 [Sigma], 1:1000 Protease 

Inhibitor Cocktail [Sigma]), and stored at -80ºC. Protein concentrations were determined using a 

Bradford colorimetric assay (Pierce).  

Samples from mice of every age were loaded onto each gel. This organization allowed for 

normalization within and between gels. Equal amounts of protein (15 μg) were separated by SDS-

PAGE on either 4-20% or 7.5% gradient tris-glycine gels (Bio-rad). Following transfer to PVDF 

membranes, blots were blocked with 5% nonfat milk for 1 hr. Membranes were incubated with 

primary antibodies (see table 2.1) at 4ºC overnight and then incubated in horseradish peroxidase 

secondary antibodies for 1 hr. Immunoreactivity was assessed using a chemiluminescence substrate 

(Pierce) and measured using a ChemiDoc MP Imaging System (Bio-rad). Densitometry values were 

normalized to the corresponding loading control (HSP-70 or GAPDH). All densitometry values 

were then normalized to the control sample mean from the same membrane in order to control for 

variance in fluorescence between gels.  

 

2.4.4 Statistical analyses. Dendritic spine densities and densitometry values were compared by 2-

tailed t-tests or one-or two-factor ANOVA, as appropriate, using SigmaStat and Graphpad Prism 

with α<0.05. In the case of significant interactions or main effects, Tukey’s post-hoc comparisons 

were made and are indicated graphically. PFC TrkB data were subjected to transformation to 

improve normality. Throughout, values lying two standard deviations outside of the mean were 

considered outliers and excluded.  
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2.5 Results 

 We aimed to enumerate dendritic spines on deep-layer pyramidal neurons in the mPFC 

and OFC during adolescence. In parallel, we sought to characterize levels of several neurotrophic 

and cytoskeletal regulatory elements in the mPFC and OFC during adolescent development. For 

several factors, we compared levels across time in the DHC and VHC as well. 

 

2.5.1 Dendritic spines in the mPFC and OFC are eliminated during adolescence.  

We measured dendritic spine densities on excitatory layer V PFC neurons at 3 

developmental time points, corresponding to early, mid-, and late adolescence in rodents (Spear 

2000). Densities in the mPFC decreased between P31 and P42, approaching adult-like levels 

(compare to P56) [F(2,19)=16.173, p=.0001] (n=5-9/group) (fig. 2.1b). Dendritic spine densities in 

the OFC, on the other hand, were unchanged between P31-P39, before decreasing by P56 

[F(2,22)=8.184, p=.003] (n=6-11/group) (fig. 2.1b). Thus, adolescent-onset dendritic spine pruning 

appears to occur earlier in the mPFC. 

 

2.5.2 Regional and age-dependent patterns in synaptic, neurotrophic, and cytoskeletal regulatory 

factors during adolescence. 

 Next we compared the protein levels of several synaptic, neurotrophic, and cytoskeletal 

regulatory factors at P35, P42, and P56 in mPFC and OFC tissue. First, we assessed levels of the 

presynaptic marker, synaptophysin, and the post-synaptic marker, post-synaptic density protein 95 

(PSD95). We found no regional or age-related changes in PSD95 (all ps>.05, n=7-10/group) (fig. 

2.2a), however synaptophysin levels decreased with age [main effect F(2,45)=5.770, p=.006] (n=7-

10/group) (fig. 2.2b), consistent with synaptic pruning. By contrast, TrkB.T1 and TrkB levels 

increased with age [main effect F(2,43)=3.258, p=.048] (n=7-10/group) [main effect F(2,45)=3.820, 

p=.029] (n=6-10/group) (fig. 2.2c-d). ProBDNF, mBDNF, β1-integrin, Abl2/Arg, cortactin, 

p120RasGAP, Rho and LIMK2 levels were fairly consistent across ages (all main effect and 
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interaction ps>.05, n=5-13/group) (fig. 2.2e-i,k,l,n). Finally, both p190RhoGAP and ROCK2 levels 

increased in both PFC subregions from P35-P42 before decreasing by P56 [main effect 

F(2,26)=5.270, p=.012] (n=10-13/group) [main effect F(2,61)=5.365, p=.007] (n=3-7/group) (fig. 

2.2j,m). 

 

2.5.3 Casting a spotlight on early and mid-adolescence.  

Throughout these analyses, we noted several instances in which proteins associated with 

β1-integrin-mediated signaling (fig. 2.3a) appeared slightly elevated in the OFC at P35. We thus 

compared protein levels in a separate series of western blots specifically using tissues collected at 

P35. This approach revealed a main effect of region [F(1,117)=3.067, p=.05] (n=7-13/group) (fig. 

2.3b), indicating overall higher protein levels in the OFC. We did not detect any interaction effects, 

which precluded post-hoc comparisons, but this general pattern, albeit modest, could contribute to 

Abl2/Arg-mediated stabilization of dendritic spines in the OFC beginning early in adolescence 

(Gourley et al 2012b). We did not observe any regional differences in levels of these proteins at 

P42 or P56 (not shown).  

 A targeted approach similarly revealed that at P42, mid-adolescence, PSD95, 

synaptophysin, and mBDNF were more abundant in the mPFC than OFC, whereas TrkB levels 

were greater in the OFC than mPFC [interaction F(5,85)=7.489, p<.0001] (n=4-9/group) (fig. 2.4b,e). 

There were no regional differences in protein levels detected at earlier, at P35, or later, at P56 (all 

ps>.05, n=6-17/group) (fig. 2.4a,c,d,f).  

Finally, we characterized expression patterns of several of these proteins in the 

hippocampus, a region with a distinct developmental trajectory. PSD95 levels were higher in the 

DHC than VHC, especially during early adolescence [main effect of region F(1,36)=4.867, p=.034] 

(n=7/group) (fig. 2.5a). Synaptophysin levels were stable and did not differ between (all ps>.05, 

n=7/group) (fig. 2.5b). TrkB.T1 levels increased progressively in both regions [F(2,35)= 5.665, 

p=.007] (n=6-7/group) while TrkB remained unchanged (all ps>.05, n=6-7/group) (fig. 2.5c,d). 
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proBDNF levels were was higher in the DHC than VHC [F(1,36)=14.794, p=.0005] (n=7/group) (fig. 

2.5e), whereas mBDNF levels were comparable between regions (p>.05, n=6-7/group) (fig. 2.5f).  

 Together, these results point to early and mid-adolescence as key periods during which 

integrin- and neurotrophin-related signaling may differ between the mPFC and OFC, while protein 

levels largely converge by early adulthood. These patterns contrast those detected in the 

hippocampus, where regional differences, but fewer age-related patterns, were identified. 
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2.6 General Review 

 During adolescence, the PFC undergoes dramatic structural remodeling and synaptic 

reorganization. The mPFC and OFC compartments are apposed to one another and inter-connected, 

but they also have distinct projection patterns, and can be differentially impacted by various 

environmental stimuli, such as stressors and drugs of abuse. Our findings concur with those of 

others, revealing that these structures also have different developmental trajectories during 

adolescence. Specifically, we report that the dendritic spine elimination on deep-layer excitatory 

pyramidal neurons occurs earlier in the mPFC than the OFC. Furthermore, several neurotrophic 

and cytoskeletal regulatory factors exhibit different protein levels between structures during 

adolescence, potentially contributing to differential structural maturation trajectories.  

 A number of studies report that exposure to environmental stimuli such as social 

interactions or stressors during adolescence can have opposing effects on dendrite structure and 

dendritic spine density in the mPFC and OFC. For example, social play during adolescence 

modestly increases dendrite arborization in the OFC, while decreasing arborization in the mPFC, 

an effect that could be interpreted as enhanced pruning (Bell et al 2010). Exposure to the primary 

stress hormone corticosterone during adolescence eliminates dendritic spines in the mPFC and 

OFC, however only mPFC spine counts readily recover following the corticosteroid exposure 

period (Gourley et al 2013b). It is possible that regional differences in the levels of key stability-

regulating proteins could contribute to these instances of differential responsivity to play and stress 

hormone exposure.  

 

2.6.1 PFC dendritic spine density and synaptic marker levels change during adolescence 

We directly compared dendritic spine densities on excitatory pyramidal neurons in deep-

layer mPFC and OFC in early, mid-, and late adolescence/young adulthood in rodents (Spear 2000). 

Dendritic spine densities dropped appreciably in the mPFC and approached adult-like densities 

between P31 and P42. Juraska and colleagues have reported considerable elimination of dendrites 
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and dendritic spines in the mPFC between P35 and P90 (Koss et al 2014). Our data suggest that 

key pruning events occur within a relatively sharp window between P35 and P42 in the mPFC. In 

contrast, OFC dendritic spine densities decreased significantly only between P39 and P56, 

suggesting that pruning occurs later in the OFC than the mPFC. We note however that elimination 

of PFC dendritic spines is not necessarily “complete” by late adolescence/early adulthood, as 

Milstein et al. report elimination of spines on distal dendritic segments in both mPFC and OFC 

between ages P49 and 8 months (Milstein et al 2013). Overall, our findings suggest that at least 

some aspects of the mPFC mature before the OFC, which is consistent with neuroimaging studies 

in humans revealing that white matter volume in the mPFC reaches an adult-like state earlier than 

in the OFC (Tamnes et al 2010).  

Our dendritic spine counts include mature dendritic spines that likely contain synapses, as 

well as immature spines that likely do not host synapses. In an attempt to evaluate synapse 

maturation during adolescence we also compared levels of the synaptic markers PSD95 and 

synaptophysin. PSD95 is a scaffolding protein critical for organizing the post-synaptic density of 

excitatory synapses (Aoki et al 2001, Chen et al 2015, Chen et al 2011, El-Husseini et al 2000, 

Garner et al 2000, Kim & Sheng 2004). More specifically, PSD95 interacts with several receptors 

and ion channels to regulate their insertion into the post-synaptic density, as well as their 

internalization (Ehrlich & Malinow 2004, El-Husseini et al 2000, El-Husseini Ael et al 2002, Kim 

& Sheng 2004). Furthermore, PSD95 binds receptor subunits and intracellular signaling molecules 

to couple activation of receptors to intracellular signaling cascades (Amano et al 1996). PSD95 is 

also critical for both synaptic function and maturation, as knockdown of PSD95 in hippocampal 

cell culture decreases both AMPA- and NMDA receptor-mediated excitatory postsynaptic currents 

and prevents the increase in dendritic spine density and mushroom-shaped spine formation that is 

associated with dendritic spine maturation (Ehrlich et al 2007).  

Synaptophysin is a membrane-bound protein expressed on the surface of synaptic vesicles 

(Navone et al 1986). It is located presynaptically at both excitatory and inhibitory synapses. 
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Synaptophysin is among the most abundant synaptic vesicle proteins, yet surprisingly, synaptic 

formation and transmission appear to be relatively normal in synaptophysin knockout mice 

(McMahon et al 1996, Takamori et al 2006, Tarsa & Goda 2002). The synaptophysin knockout 

mice do exhibit deficits in learning and memory tasks, however (Schmitt et al 2009), indicating 

that synaptophysin deficiency likely impacts neuronal function.  

 In the human PFC, PSD95 levels are highest between ages 11-15, and they decrease only 

slightly over the next few years before plateauing. Synaptophysin levels, on the other hand, peak 

between ages 6-10 before decreasing substantially to adult levels around age 16 (Glantz et al 2007). 

We observed a similar developmental trajectory in the mouse PFC, as PSD95 levels remained 

relatively stable, whereas synaptophsyin levels in both the mPFC and OFC decreased significantly 

between P35 and P56. A similar pattern of synaptophysin loss was reported in the rat mPFC 

between P35 and P45 (Drzewiecki et al 2016). Interestingly, this effect was specific to females, 

and not males. We did not include males here, so we cannot comment on whether this sex difference 

occurs in mice as well.  

Although the expression pattern of PSD95 did not parallel the elimination of dendritic 

spines as synaptophysin did, it is important to note that PSD95 is also considered an indicator of 

synaptic strength (Beique & Andrade 2003, Stein et al 2003). No net change in PSD95 levels could 

thus conceivably reflect a combination of both dendritic spine pruning and increases in stronger, 

more mature synapses during this window of time.  

In several experiments, we included samples collected from the hippocampus, which has 

distinct developmental timing relative to the PFC. PSD95 levels were higher in the DHC than VHC 

but fairly stable over time in both regions. In the rat hippocampus, by contrast, PSD95 levels 

decrease between P10 and P60. This effect is strongest in CA3 compared to CA1, however regional 

differences between the dorsal and ventral CA zones were not considered in this prior report 

(Elibol-Can et al 2014). Synaptophsyin levels were also consistent between early adolescence and 

young adulthood (fig. 2.5); however, unlike PSD95, regional differences were not detected (see 
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also (Elibol-Can et al 2014)). This pattern is in agreement with mRNA expression in adolescent vs. 

adult humans and rats (Eastwood et al 2006).  

 

2.6.2 BDNF-TrkB signaling regulates cell structure in the postnatal brain   

 Neurotrophin signaling contributes greatly to dendritic and dendritic spine morphology and 

synaptic plasticity (Zagrebelsky & Korte 2014). For example, acute application of BDNF to 

hippocampal primary neurons results in transient phosphorylation of its high-affinity receptor TrkB 

and neurite elongation and dendritic spine head enlargement. Longer-term application prolongs 

TrkB phosphorylation and increases dendrite branching and dendritic spine neck elongation (Ji et 

al 2005). Conversely, decreasing TrkB levels reduces dendritic spine density (Orefice et al 2013). 

Thus, BDNF mediates dendrite and dendritic spine growth through TrkB, and the duration of 

signaling determines its effects on neural structure. Further, mice with Bdnf knocked out 

specifically in the central nervous system have smaller brains and a greater proportion of immature 

dendritic spines in hippocampal CA1 compared to wild type mice (Rauskolb et al 2010).  

 Experiments using cortical neuron cultures reveal similar findings, in that BDNF 

overexpression (Horch et al 1999) or bath application of BDNF (McAllister et al 1997) increases 

the number of basal dendrites on BDNF-releasing neurons. The morphological effects of BDNF 

are eliminated with the addition of a TrkB-blocking antibody, again indicating that BDNF is acting 

through TrkB (McAllister et al 1997). In vivo studies further indicate that both TrkB and BDNF 

are critical for the stability of dendrite and dendritic spine structure throughout the lifespan. For 

example, transgenic mice with a 47% reduction in cortical TrkB have 50% thinner apical dendrites, 

simplified dendritic arbors, and smaller cell bodies in layer II/III neurons relative to control mice 

(Xu et al 2000). Further, layer II/III cortical neurons from forebrain-specific Bdnf knockout mice 

appear normal at P15, but have decreased cell body size by P21, and a 29% reduction in branch 

points by P35 (Gorski et al 2003). Mice with late-onset, forebrain-specific Bdnf knockdown, 

causing a 97% reduction in BDNF by postnatal week 4, have normal dendritic spine density at P35, 
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but a 30% reduction in density by P84 (Vigers et al 2012). Interestingly, dopamine transporter 

knockout mice have reduced dendritic spine density in the mPFC and CA1 region of the 

hippocampus (Kasahara et al 2015), as well as on medium spiny neurons of the striatum (Berlanga 

et al 2011). This is pertinent because these same mice also have a 50% reduction in BDNF mRNA 

and protein levels in the PFC (however BDNF protein levels are unaffected in the striatum and 

hippocampus) (Fumagalli et al 2003, Li et al 2010a). This loss of neurotrophic support in the PFC 

may contribute to the loss of PFC dendritic spines in these mice.  

 In contrast to mature BDNF, proBDNF appears to enhance dendritic spine pruning, as 

overexpression decreases dendritic spine density, and this effect is dependent on the p75 receptor 

(Orefice et al 2013). Interestingly, these influences are detectable only in mature cultures, 

suggesting that proBDNF-p75 signaling could be involved in dendritic spine pruning relatively late 

in development (Orefice et al 2013).  

 In humans, ~30% of individuals have a small nucleotide polymorphism known as 

Val66Met, a coding variant in the proBDNF region of the gene that impairs BDNF transport and 

subsequent release (Egan et al 2003, International HapMap 2003). These individuals have relatively 

impaired executive functioning, increased risk of depression, and reduced hippocampal volume 

(Duman & Duman 2015, Frodl et al 2007, Gatt et al 2009). Similarly, mice that are genetically 

manipulated to express this coding variant have elevated plasma corticosterone levels and increased 

depression-like and anxiety-like behavior following restraint stress (Yu et al 2012). In the mPFC, 

dendritic spine counts and lengths are reduced (Liu et al 2012), consistent with a reduction of BDNF 

levels, as discussed above. Furthermore, the polymorphism is associated with decreased dendrite 

length and branch points in hippocampal CA3 neurons (Chen et al 2006). Similarly, Bdnf+/- mice 

have decreased hippocampal volume and reduced dendritic branching in hippocampal CA3 

compared to wild type counterparts (Magarinos et al 2011).  

Bdnf mRNA increases to adult levels in late adolescence in the human dorsolateral PFC 

(Webster et al 2002). Late adolescence/early adulthood corresponds to approximately P56 in the 
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mouse (Spear 2000), however we did not observe variability in PFC BDNF protein levels at this 

time. It is important to note, though, that BDNF is subject to both anterograde and retrograde 

transport, so Bdnf mRNA is not necessarily a reliable indicator of local BDNF protein levels 

(Conner et al 1997, DiStefano et al 1992).  

In the hippocampus, proBDNF levels were consistently higher in the DHC than VHC, and 

we did not identify any age-related changes in either proBDNF or mBDNF levels. These findings 

were not wholly unexpected, given that in humans, Bdnf mRNA within both hippocampal CA1 and 

CA3 appears fairly stable across the lifespan (Webster et al 2006). Further, Silhol et al., 2005 

reported that Bdnf expression in the rat hippocampus is unchanged throughout postnatal 

development (from P1-22 months), and BDNF protein (both pro and mature forms) reaches adult 

levels by P7. In the mouse hippocampus, Bdnf mRNA similarly increases during early development 

(Ivanova & Beyer 2001). Interestingly, one recent investigation found that mBDNF levels increase 

further later, between P21 and P42 (Lauterborn et al 2016). Given that we did not observe any 

changes in mBDNF between P35 and P56, we suggest that levels could be particularly dynamic up 

to P35, and then they stabilize.  

 

2.6.3 Does TrkB.T1 impact neuron structure? 

Initially, it was believed that TrkB.T1 was a dominant-negative receptor, preventing BDNF 

from binding to TrkB (Fenner 2012). Further studies revealed that this may not fully be the case; 

for example, TrkB.T1 promotes neurite outgrowth on dendrites distal from the soma in cortical 

slices, an effect that is independent of BDNF (Yacoubian & Lo 2000). Further, BDNF-mediated 

activation of TrkB.T1 stimulates a GTPase inhibitor that prevents the activation of RhoA, 

promoting spindle-shaped cell morphology in a glioma cell line (Ohira et al 2006). TrkB.T1 

knockout mice have decreased dendrite arborization and decreased dendrite length in the 

basolateral amygdala, with no apparent effects on neural morphology in the hippocampus (Carim-
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Todd et al 2009). Together, these findings suggest that TrkB.T1 indeed regulates dendrite and 

dendritic spine morphology in both BDNF-dependent and -independent manners (Fenner 2012). 

 We detected a significant increase in both full-length TrkB and TrkB.T1 between P35-

P56, with a qualitatively greater increase in TrkB.T1. Additionally, we found higher levels of both 

receptors in the OFC than mPFC at P42, corresponding to a mid-adolescent period (Spear 2000). 

The regional difference could potentially be associated with our finding that mPFC dendritic spine 

density is approaching a mature adult-like state by P42, whereas the OFC appears to be under-

going a significant degree of pruning at this point (see again, fig. 2.1). TrkB receptors may be 

elevated to support dynamic periods of pruning and spine stabilization in the OFC (Deinhardt & 

Chao 2014, Zagrebelsky & Korte 2014), however additional studies are needed to clarify the role 

of TrkB receptors, including TrkB.T1 receptors, in PFC dendritic spine dynamics.  

As in the PFC, we observed a progressive increase in TrkB.T1 during adolescence in the 

VHC and DHC. By contrast, full-length TrkB appeared constant in both hippocampal regions. A 

similar pattern was reported in the rat hippocampus — TrkB protein decreases slightly throughout 

the first three weeks of life – before our tissue collection here – and then reaches stable adult-like 

levels (Silhol et al 2005). In contrast, Lauterborn et al. report that both TrkB and TrkB.T1 levels 

decrease slightly between P21 and P42 in the mouse hippocampus (Lauterborn et al 2016); we 

suggest that this drop occurs prior to P35, since we observed stable (TrkB) or even increased 

(TrkB.T1) protein levels between P35-42.  

  

2.6.4 β1-integrin-mediated cell adhesion systems regulate postnatal neural development  

Integrins are heterodimeric cell adhesion receptors that mediate cell binding to the 

extracellular matrix. Integrin receptors are comprised of α and β subunits that determine ligand 

binding specificity (e.g., laminin vs. fibronectin). There are 18 α subunits and 8 β subunits that are 

believed to form 24 distinct integrin receptors, 14 of which are expressed in the developing or 

mature central nervous system (Hynes 2002, Pinkstaff et al 1999, Reichardt & Prokop 2011). 
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Ligand binding can induce a conformational change in the α and β subunit that exposes surfaces on 

the β cytoplasmic tail to engage downstream signaling proteins, including non-receptor tyrosine 

kinases (Arias-Salgado et al 2003, de Virgilio et al 2004, Harburger & Calderwood 2009, Simpson 

et al 2015, Woodside et al 2001, Woodside et al 2002). In addition, proteins of the talin and kindlin 

families can bind to the β tail and induce a conformational change to the activated high affinity 

binding state, so-called inside out signaling (Calderwood et al 2013).  

The β1-integrin subunit is highly expressed in both the cortex and hippocampus (Pinkstaff 

et al 1999, Pinkstaff et al 1998), and numerous studies indicate that β1-integrin is critical for normal 

synaptic transmission, synapse maturation and neuroplasticity (Chan et al 2006, Kramar et al 2006, 

Shi & Ethell 2006, Warren et al 2012). LTP, synaptic transmission, and spine stabilization are 

facilitated by β1-integrin-containing receptors, in particular α3β1 (Chan et al 2007, Kerrisk et al 

2013, Kramar et al 2002). Also, β1-integrin is necessary for hippocampal-dependent learning and 

memory, PFC-dependent behavioral flexibility, and working memory (Babayan et al 2012, Chan 

et al 2006, Warren et al 2012).  

 In addition to LTP, integrin α3β1 regulates postnatal dendritic spine development (Kerrisk 

et al 2013). Presumably upon binding its target ligand, the integrin β1 subunit engages and 

stimulates Abl2/Arg kinase (Simpson et al 2015, Warren et al 2012) (see fig. 2.3a). Abl2/Arg 

interacts with cortactin to stabilize actin filaments and promote new actin branch nucleation by the 

Arp2/3 complex (Courtemanche et al 2015, Lin et al 2013). In addition, Abl2/Arg phosphorylates 

p190RhoGAP, driving it into a complex with p120RasGAP that inhibits Rho (Sfakianos et al 2007). 

Active Rho stimulates ROCK2 to destabilize dendrite structure. The integrin-Arg-p190RhoGAP 

axis thus stabilizes dendrite branches by inhibiting Rho (Sfakianos et al 2007). ROCK2 can also 

influence the activity-dependent remodeling of dendritic spines (Murakoshi et al 2011), although 

this pool of ROCK2 may not be regulated by integrin signaling through Abl2/Arg (Lin et al 2013).  

Elimination of β1-integrin in excitatory neurons has revealed that β1-integrin is essential 

for cortical, though not hippocampal, lamination (Huang et al 2006). Nonetheless, when β1-integrin 
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is eliminated starting in embryonic development, mutant mice exhibit a destabilization of postnatal 

hippocampal synapse and dendrites beginning after P21 (Warren et al 2012). This dendrite and 

synapse destabilization was not reported when β1-integrin was eliminated starting in postnatal 

week 3 (Chan et al 2006), suggesting that early-life β1-integrin tone influences later neuronal 

structure, as well as behavior (Warren et al 2012). When we evaluated β1-integrin levels across 

time here, we did not observe any significant changes. This was somewhat surprising, given the 

clear effects of β1-integrin on dendrite morphology and synaptic density during adolescence 

(Warren et al 2012). It is possible that adult-like protein levels are reached prior to P35. Or, integrin 

ligand levels may be dynamically regulated, rather than β1-integrin itself. Further, little is known 

about the postnatal development of intracellular signaling cascades that shift integrins into their 

activated conformation. All of these factors could contribute to the effects of β1-integrin-mediated 

signaling in adolescence.  

 

2.6.5 Abl2/Arg kinase and cortactin determine cell structure 

We also assessed the levels of Abl2/Arg, an Abl-family nonreceptor tyrosine kinase highly 

expressed in the nervous system and concentrated at synapses (Koleske et al 1998). Cortical 

neurons in adult mice lacking Abl2/Arg have shorter basal dendrites and fewer branch points than 

neurons from wild type controls (Moresco et al 2005). Importantly, these dendrites develop 

normally in arg–/– mice and reach their full size by P21, but then simplify by P42, indicating that 

Abl2/Arg is critical for postnatal dendrite stability, but not the initial formation of these cortical 

dendritic arbors. Similarly, Abl2/Arg-deficient dendrites on hippocampal CA1 neurons exhibit 

normal morphology at P21, but later destabilize and have smaller arbors with fewer dendrite branch 

points by P42 (Sfakianos et al 2007). In hippocampal CA1 and the OFC, spine densities in arg–/– 

mice do not differ from wild type at P21 and P24, but then diverge at P31. Densities become 

reduced in arg–/– mice, and dendritic spines on deep-layer OFC pyramidal neurons are longer, a 

phenotype that may reflect less mature or destabilizing synapses (Gourley et al 2012b). 
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Correspondingly, adult but not pre-adolescent mice lacking Abl2/Arg kinase have reduced levels 

of PSD95 and dopamine D1- and D2-family receptors in the PFC (Gourley et al 2009).  

As expected, loss of Abl2/Arg function influences behaviors that are OFC- and 

hippocampus-dependent. Abl2/Arg-deficient mice are impaired in novel object and spatial reversal 

tasks and also hypersensitive to the locomotor-activating effects of cocaine (Gourley et al 2009, 

Gourley et al 2012b, Sfakianos et al 2007). These behavioral phenotypes are delectable only when 

testing occurs after P21, corresponding to time points when Abl2/Arg serves to stabilize dendrites 

and dendritic spines. Interestingly, we did not observe any significant changes in Abl2/Arg levels 

across adolescence. It is likely that levels peak prior to P35, as Abl2/Arg is actively regulating 

neuronal morphology in the OFC by P31 (Gourley et al 2012b).  

Abl2/Arg likely stabilizes dendritic spines through interactions with its binding partner 

cortactin. Cortactin is highly enriched in dendritic spines where it co-localizes with actin filaments 

and is required for dendritic spine stability (Hering & Sheng 2003). For instance, knockdown of 

cortactin in hippocampal cell cultures decreases dendritic spines and synapses, whereas 

overexpression results in an increase in dendritic spine length, reflecting an immature spine 

phenotype (Hering & Sheng 2003). Cortactin promotes Arp2/3 complex-mediated actin branch 

nucleation on existing actin filaments and also stabilizes these branches (Ammer & Weed 2008, 

Uruno et al 2001, Weaver et al 2001). Also, Abl2/Arg binding to actin filaments promotes increased 

recruitment of cortactin, and the proteins synergize to stabilize actin filaments and promote branch 

formation (MacGrath & Koleske 2012). In addition to stabilizing and promoting branch point 

formation, cortactin also interacts with several synaptic scaffolding proteins (Hajdu et al 2015, 

MacGillavry et al 2015, Naisbitt et al 1999). As a result, it is believed that cortactin plays a role in 

organizing the postsynaptic density.  

Within a dendritic spine, cortactin is concentrated in two discrete pools: one at the post-

synaptic density and one within the dendritic shaft (Racz & Weinberg 2004). Cortactin trafficking 

to the post-synaptic density is facilitated by BDNF, whereas trafficking from the post-synaptic 
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density to the core is mediated by NMDA receptor activity (Hering & Sheng 2003, Iki et al 2005, 

Lin et al 2013). Although we did not examine cortactin localization, qualitatively, levels appeared 

to be elevated at P56, particularly in the OFC, relative to earlier time points. This is particularly 

interesting given that both TrkB and TrkB.T1 are also most highly expressed at P56. These parallels 

in timing raise the possibility that synergies between cortactin and neurotrophin signaling facilitate 

cortical development during adolescence. Further studies could address this possibility.  

 

2.6.6 p190RhoGAP-p120RasGAP complex – Rho interactions 

Rho is a member of the Rho-family GTPases, comprised of several GTPases, including, 

Rho, Rac, and Cdc42. GTPases are regulated by guanine exchange factors that catalyze GDP to 

GTP to promote activity, whereas GTPase-activating proteins stimulate hydrolysis of GTP to GDP 

to inhibit activity (Bernards & Settleman 2004, Schmidt & Hall 2002). Together, Rac, Cdc42, and 

Rho regulate actin polymerization, bundling, contractility, and severing, and via these processes 

they coordinate changes in neuronal shape (Govek et al 2005). Within the family of Rho GTPases, 

Rho is associated with cell contraction, while Rac and Cdc42 promote actin-based protrusion 

(Govek et al 2005). For example, constitutively active Rho reduces dendritic spine density and 

spine length in both hippocampal and cortical slices (Nakayama et al 2000, Tashiro et al 2000), 

whereas inhibition of Rho increases spine density and promotes spine elongation (Tashiro et al 

2000). One study reported that in whole-brain homogenate, Rho expression does not change from 

P14 to adulthood (P84-98) (Komagome et al 2000). Our findings are consistent with these stable 

expression patterns, as we did not observe any significant age-related changes in Rho levels.  

p120RasGAP is a Ras GTPase activating protein that inhibits activity the Ras GTPases by 

promoting hydrolysis of GTP to GDP. Tyrosine phosphorylation of p190RhoGAP, a Rho GTPase-

activating protein, promotes assembly of a p190RhoGAP-p120RasGAP complex (Hu & Settleman 

1997). Integrin-mediated activation of Abl2/Arg and Src family kinases increases p190RhoGAP 

phosphorylation to drive its association with p120RasGAP at the cell membrane (Bradley et al 
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2006). This complex inhibits Rho activity, which is a likely mechanism for reduced appearance of 

actin stress fibers following an increase in p190RhoGAP phosphorylation (Bradley et al 2006, 

Chang et al 1995, Sharma 1998). As with Rho, we did not observe any robust age-related changes 

in p120RasGAP. We did however observe that p190RhoGAP levels peaked at P42 in both PFC 

subregions. Adolescent p190rhogap+/– mice are more susceptible to stress hormone-induced 

anhedonic-like behavior and dendritic spine elimination in the OFC (Gourley et al 2013b). With 

the caveat that other ages were not tested in this prior report, robust p190RhoGAP levels during 

adolescence could thus contribute to the stabilization of dendrites and dendritic spines that are not 

pruned, combatting the influence of pathological insults such as stressors (Gourley et al 2013b) or 

cocaine (Gourley et al 2012b).  

Throughout these analyses, we noted several instances when protein levels appeared 

slightly elevated in the OFC at P35. We thus generated a separate series of western blots specifically 

using tissues collected at P35. This approach revealed higher overall protein levels in the OFC as 

compared to mPFC. We did not detect any interaction effects, which precluded post-hoc 

comparisons, but qualitatively, expression patterns differed most notably for p120RasGAP, 

Abl2/Arg kinase, and downstream factors. There is evidence that OFC maturation is slower relative 

to the mPFC (fig. 2.1) (van Eden & Uylings 1985); this might account for differential protein levels 

at P35.  

 

2.6.7 ROCK2 and LIMK2: Key cytoskeletal regulatory elements in the postnatal brain 

The ROCK serine/threonine kinases are major effectors of active Rho. There are two 

isoforms of ROCK, ROCK1 and ROCK2. The isoforms share 64% homology, and have different 

patterns of expression within the central nervous system, as ROCK2 is primarily expressed in 

neurons, whereas ROCK1 is confined to glia (Iizuka et al 2012). ROCKs are activated when GTP-

bound Rho binds to its Rho-binding domain, inducing a conformational change that releases ROCK 

from its auto-inhibited conformation (Mueller et al 2005). Once activated, ROCK phosphorylates 
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LIMK, which phosphorylates cofilin and inhibits its ability to sever actin filaments (Arber et al 

1998, Bamburg & Wiggan 2002, Yang et al 1998). Actin severing contributes to actin filament 

turnover, but can also stimulate actin polymerization because it provides a new free actin filament 

plus end that can elongate, and both processes are likely critical for dendritic spine remodeling 

(Okamoto et al 2004, Pontrello & Ethell 2009, Shi et al 2009). Actin polymerization and filament 

turnover are believed to occur in distinct subcellular compartments within the dendritic spine, and 

are modulated by various cytoskeletal regulatory proteins localized to these regions (Oser & 

Condeelis 2009, van Rheenen et al 2009).  

ROCK2 activity prevents neurite outgrowth, and accordingly, ROCK2 inhibition induces 

neurite formation in vitro (Da Silva et al 2003, Hirose et al 1998). In vivo, ROCK2 inhibition causes 

dendrite elongation in hippocampal CA1 pyramidal neurons (Couch et al 2010). Furthermore, 

ROCK2 inhibition blocks spine loss associated with increased Rho protein levels (Xing et al 2012) 

and promotes formation of labile, filopodia-like protrusions (Tashiro & Yuste 2004). Nonetheless, 

elimination of Rock2 impairs synaptic transmission and LTP in hippocampal neurons, and Rock2 

knockout mice have increased dendritic spine area but decreased dendritic spine density (Zhou et 

al 2009). This somewhat surprising finding – that Rock2 elimination decreased dendritic spine 

density – suggests that some degree of ROCK2 signaling is nonetheless critical for normal dendritic 

spine formation.  

ROCK2 levels dramatically increase from P7 to P14 in whole brain homogenate 

(Komagome et al 2000), however no later ages were examined in this prior report. We observed 

that ROCK2 levels peaked at P42 in both PFC subregions examined. This timing is logical, as 

ROCK2 prevents neurite outgrowth, and P42 represents a period of considerable dendritic spine 

pruning, in which dendritic and dendritic spine retraction, rather than cell elaboration, is favorable. 

On the other hand, ROCK2 inhibition can, under certain circumstances, facilitate dendritic spine 

pruning (Murakoshi et al 2011). The precise function of elevated ROCK2 in the adolescent PFC 

has not, to our knowledge, yet been resolved. 
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As noted in the prior sections, LIMK is another critical regulator of the actin cytoskeleton. 

There are two isoforms, LIMK1 and LIMK2, which share 50% homology (Acevedo et al 2006). 

We focused on LIMK2 because it is activated by ROCK2, while LIMK1 is not (Amano et al 2001, 

Sumi et al 2001). Furthermore, LIMK2 is confined to neurons, whereas LIMK1 is expressed in 

both neuronal and non-neuronal cells (Acevedo et al 2006, Foletta et al 2004). Active LIMK2 

phosphorylates cofilin, inhibiting actin severing. Interestingly, Limk2 knockout mice have normal 

synaptic transmission and LTP (Meng et al 2004). This could be a result of redundancy in the LIMK 

family (Cuberos et al 2015, Meng et al 2004). We observed that LIMK2 levels are stable during 

adolescence in both the mPFC and OFC.  

 

2.6.8 Limitations of our current studies 

This study provides novel insight into the developmental trajectory of cytoskeletal and 

regulatory factors in the mPFC and OFC during adolescence. One limitation of our study, however, 

is the lack of comparison between males and females, since only females were used for protein 

quantification, and the sexes were combined in our dendritic spine studies in the interest of 

statistical power. Importantly, sex differences in the postnatal maturation of dendritic spines and 

synapses within the mPFC are reported (Drzewiecki et al 2016, Koss et al 2014). Furthermore, 

gonadal hormones may impact the effect of neurotrophic factors on cytoskeletal regulatory systems 

(Carrer & Cambiasso 2002, Hill et al 2012, Kramar et al 2013). Directly comparing dendritic spine 

density trajectories, as well as protein levels during adolescence in male and female mice, could 

provide further insight into differences between mPFC and OFC postnatal development.  

Another caveat is that we do not normalize protein levels to the total volume of the mPFC 

or OFC. The volume of the prefrontal cortex changes during adolescence in both humans and 

rodents (e.g., (Giedd et al 1999, van Eden & Uylings 1985)). During this time, there is a decrease 

in gray matter and an increase in white matter, as well as a loss of neurons and a gain of glia 

(Lenroot & Giedd 2006, Markham et al 2007). As a result, it is important to note that our dissections 
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collected at P35 could be comprised of a different ratio of cell bodies to axons, and neurons to glia, 

than our P42 or P56 dissections, which could also differ from each other. Lastly, our OFC, mPFC, 

DHC, and VHC punches contain multiple subregions of the PFC and hippocampus respectively. 

These subregions have distinct properties and circuitry, as discussed in our anatomy section (for 

further comparison of hippocampal subregions, see (Agster & Burwell 2013, Vinogradova 2001)).  

 

2.7 Conclusions 

Our objective was to evaluate the developmental trajectory of key proteins involved in 

postnatal neural development and structural plasticity. Throughout, we compared protein levels 

between the mPFC and OFC, two brain regions implicated in mood regulation and psychiatric 

disorders, and that have differential involvement in behavioral flexibility, executive control, and 

complex decision making, but that are nonetheless often treated as a single unit. We compared 

protein expression between early, mid-, and late adolescent periods, revealing several differences 

in protein abundance at the earlier time points, followed by convergence in late adolescence/young 

adulthood. In several cases, we noted that expression patterns differed from those identified in the 

hippocampus. Further characterization of these developmental patterns and their functional 

consequences may provide insights into the mechanisms of psychiatric illnesses with 

neurodevelopment etiologies.  
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Figure 2.1. Subregions of the rodent PFC and dendritic spine pruning during adolescence. A. 

Subregions of the mouse PFC are highlighted on images from the Mouse Brain Library (Rosen et 

al., 2000). These subregions are considered functionally and anatomically distinct. For example, 

the OFC and mPFC project to the striatum in a topographically-organized fashion. The LO and VO 

project to the DLS and central/medial striatum respectively, whereas the MO, PL and IL all project 

to regions of the DMS. The mPFC also innervates the nucleus accumbens core and shell, with the 

more dorsal section of the PL innervating the core and the IL targeting the shell. Meanwhile, robust 

projections to the nucleus accumbens from the OFC originate in the AI and MO subregions. B. 

Dendritic spines on excitatory deep-layer pyramidal neurons in the mPFC (PL region) and OFC 

(VLO region) were enumerated during adolescence, with time points indicated, revealing dynamic 

changes throughout development. In the mPFC, dendritic spine density decreased between P31 and 

P42, while in the OFC, dendritic spine density decreased later, between P39 and P56. Means + 

SEMs, *p<0.05, **p<0.01, n=2-8 dendrites/mouse, 5-11 mice/time point. Each mouse is 

considered an independent sample. Abbreviations: AI: agranular insular cortex, LO: lateral orbital 

cortex, VO: ventral orbital cortex, CG: cingulate cortex, PL: prelimbic cortex, MO: medial orbital 
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cortex, IL: infralimbic cortex, AID: dorsal agranular insular cortex, AIV: ventral agranular insular 

cortex, DMS: dorsal medial striatum, DLS: dorsal lateral striatum, shell: nucleus accumbens shell, 

core: nucleus accumbens core.  
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Figure 2.2. Levels of several synaptic and cytoskeletal regulatory factors change during 

adolescence. A. PSD95 levels were consistent across development and between PFC subregion. B. 

Synaptophysin levels decreased in both the mPFC and OFC between P35 and P56, however. C. 

Both TrkB.T1 and full-length TrkB (D) levels increased in the mPFC and OFC during adolescence. 

E. ProBDNF and mBDNF (F) did not significantly change between regions or across time. 

Similarly, no regional or age-related changes in β1-integrin (G) or Abl2/Arg kinase (H) were 

observed. I. Cortactin levels increased slightly in the OFC while staying constant in the mPFC, but 

this effect was statistically non-significant. J. In both PFC subregions, p190RhoGAP levels 

increased between P35 and P42 and then decreased by P56. K. p120RasGAP levels trended higher 

in the OFC than mPFC. L. Rho levels were variable, but with no statistically significant changes. 

M. ROCK2 levels increased at P42 and then decreased by P56 in both subregions of the PFC. N. 

LIMK2 levels were consistent across ages and between regions. Representative blots below were 

loaded in the following order: mPFC P35, OFC P35, mPFC P42, OFC P42, mPFC P56, OFC P56. 

Loading controls (GAPDH, 37 kD or HSP70, 70 kD) are the bottom band. Means + SEMs, *p<0.05, 

**p<0.01, n=4-17/group (with the exception of P42 mPFC for p190RhoGAP, n=3).  
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Figure 2.3. Regional differences in proteins associated with β1-integrin signaling during early 

adolescence. A. Extracellular matrix proteins bind to α/β1-containing integrin receptors. Once 

activated, β1-integrin stimulates Abl2/Arg kinase, which can then stimulate cortactin or 

p190RhoGAP (forming a complex with p120RasGAP). Activation of cortactin contributes to 

lamellipodia formation, whereas activation of p190RhoGAP inhibits Rho. When Rho is active, it 

stimulates ROCK2, which subsequently activates LIMK2. Rho signaling has been associated with 

dendrite retraction in multiple biological systems. B. In the course of conducting the experiments 

described in fig. 2.2, subtle differences in protein levels were noted between regions early in 

adolescence. Here we show the results of independent analyses indicating that at P35, early 
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adolescence, protein levels in this signaling cascade were indeed generally higher in the OFC than 

the mPFC. Means + SEMs, *p=0.05, main effect of region, n=7-17/group. 
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Figure 2.4. Regional differences in synaptic marker and neurotrophic factor levels at P42. A. 

We also conducted single time point analyses for synaptic marker and neurotrophic factors. At P35, 

we found no regional differences in the levels of PSD95, synaptophysin, TrkB.T1 and full-length 

TrkB receptor subunits, or proBDNF and mBDNF. B. At P42, however, PSD95, synaptophysin, 

and mBDNF were elevated in the mPFC compared to OFC, while levels of both TrkB receptor 

isoforms were higher in the OFC than mPFC. C. At P56, no regional differences were observed. 

Means + SEMs, *p<0.05, **p<0.01 following interaction effects, n=4-17/group.  
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Figure 2.5. Regional differences in synaptic markers and neurotrophic factors in the 

hippocampus during adolescence. A. As a point of contrast, we assessed the same markers as in 

fig. 2.4 in the hippocampus. PSD95 levels were higher in the DHC than VHC. B. Synaptophysin 

levels were, however, equivalent between both subregions, and also consistent during adolescence. 

C. TrkB.T1 levels progressively increased across adolescence. D. No regional or age-related 

changes in full-length TrkB levels were noted. E. ProBDNF levels were consistently higher in the 

DHC than VHC. F. mBDNF levels, on the other hand, were equivalent in the VHC vs. DHC and 

not variable during adolescence. Representative blots below were loaded in the following order: 

DHC P35, VHC P35, DHC P42, VHC P42, DHC P56, VHC P56. Loading controls (GAPDH, 37 

kD or HSP70, 70 kD) are the bottom band. Means + SEMs, *p<0.05, **p<0.01, n=6-7/group. 
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Table 2.1. Antibodies used in this study  

 
  

ANTIBODY IMMUNOGEN HOST MANUFACTURER, 
PRODUCT NUMBER, 

LOT NUMBER 

CONC. 

ANTI-GAPDH Proprietary 
sequence  

Mouse-
monoclonal 

Sigma #G8795, lot 
044m4808v 

1:5000 
 

ANTI-HSP70 aa 580-601 Mouse-
monoclonal 

Santa Cruz Biotechnology 
#7298, lot F0413 

1:5000 

ANTI-Β1-INTEGRIN 
(CD29) 

aa76-256 Mouse-
monoclonal 

BD Biosciences #610468, lot 
4101803 

1:100 

ANTI-P120 RASGAP 
(GTPASE 
ACTIVATING 
PROTEIN) 

Full length 
sequence 

Mouse-
monoclonal 

Thermo-Scientific #Ma4-001, 
lot Of185059 

1:500 

ANTI-ABL2/ARG 
KINASE 

aa 766-1182 Mouse-
monoclonal  

generously provided by Dr. 
Peter Davies 

1:250 

ANTI-RHOA GTPASE aa120-150 Mouse-
monoclonal 

Santa Cruz #418, lot K1213 1:500 

ANTI-ROCK2 aa 1-100 Rabbit-
polyclonal 

Abcam #71598, lot Gr51275-
1 

1:1000 

ANTI-LIM KINASE 2 aa 561-638 Rabbit-
polyclonal  

Santa Cruz #5577, lot E0707 1:500 

ANTI-TRKB Proprietary 
sequence 

Rabbit-
monoclonal 

Cell Signaling #4603s, lot 3 1:250 

ANTI-PSD95 Proprietary 
sequence 

Rabbit-
monoclonal 

Cell Signaling #3450s, lot 2 1:1000 

ANTI-
SYNAPTOPHYSIN 

C terminus domain Rabbit-
monoclonal 

Abcam #32127, lot 
Gr196393-2 

1:20,000 

ANTI-CORTACTIN aa 309-499  Rabbit-
polyclonal 

Santa Cruz #11408, lot 
F3010 

1:1000 

ANTI-P190RHOGAP aa 1-1513 Mouse-
monoclonal  

BD Biosciences #610149, lot 
5273884 

1:500 

ANTI-BDNF Proprietary 
sequence 

Mouse-
monoclonal 

Sigma #B9436, lot 098k0575 1:100 

ANTI-BDNF Proprietary 
sequence 

Rabbit-
monoclonal 

Abcam #108319, lot 
GR115071 

1:250 
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Chapter 3: Rho-kinase inhibition has antidepressant-like efficacy and 
expedites dendritic spine pruning in adolescent mice 
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3.1 Context, Author’s Contribution and Acknowledgement of Reproduction  

The following chapter presents evidence that Rho-kinase inhibition has antidepressant-like 

effects in adolescent mice and enhances elimination of dendritic spines in the mPFC. The 

dissertation author designed and conducted the majority of the experiments with the exception of 

the electrophysiology data that were collected by Dr. Jidong Guo with guidance from Dr. Donald 

Rainnie. The manuscript was organized and written by the dissertation author with assistance from 

Dr. Shannon Gourley.   
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3.2 Abstract 

Adolescence represents a critical period of neurodevelopment, defined by structural and synaptic 

pruning within the prefrontal cortex. A widely held view within neuropsychiatry argues that this 

structural instability, while developmentally necessary, may open a window of vulnerability to 

neuropsychiatric disorders including depression. Following this logic, therapeutic interventions 

that support or expedite neural remodeling in adolescence may be advantageous. To test this 

hypothesis, we evaluated the therapeutic-like potential of a brain-penetrant Rho-kinase (ROCK) 

inhibitor, fasudil. Fasudil had antidepressant-like properties in the forced swim test in adolescent 

mice and was indistinguishable from the antidepressants fluoxetine and ketamine. Additionally, 

acute fasudil decreased the latency to approach a palatable food in the novelty suppressed feeding 

task, suggesting that it has rapid antidepressant-like properties. Fasudil increased levels of the 

signaling factor, Akt, the postsynaptic marker PSD-95, and full-length tyrosine receptor kinase B 

(trkB; relative to its inactive truncated isoform) in the ventromedial prefrontal cortex (vmPFC) of 

adolescent mice. Structurally, fasudil facilitated adolescent-typical pruning of dendritic spines on 

excitatory pyramidal neurons in the vmPFC. Further, vmPFC-specific shRNA-mediated reduction 

of ROCK2, the dominant ROCK isoform in the brain, had antidepressant-like consequences. 

Importantly, systemic fasudil treatment at antidepressant-like doses did not cause sedation or 

cognitive deficits in adolescent mice, suggesting that ROCK inhibitors may be viable approaches 

to adolescent-onset depression. 
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3.3 Introduction 

Depression is a major public health concern costing the United States 22 billion dollars in 

medical expenses annually (Center for Disease Control and Prevention 2013, Soni 2012). 

According to the 2016 National Survey on Drug Use and Health, 12.5% of youth ages 12-17 had a 

major depressive episode within the past year, and only 47% of these individuals received treatment 

(Substance Abuse and Mental Health Services Administration 2017). In 2004, the FDA issued a 

black box warning regarding the use of antidepressants for individuals under the age of 25 due to 

a heightened risk of suicidal ideation. Although some more recent studies have scrutinized this 

policy, physicians remain reticent to prescribe antidepressants to adolescents (Friedman 2014, 

Isacsson & Rich 2014). As a result, there is a dire need for novel antidepressants suitable for 

adolescents and young adults.  

During adolescence, the prefrontal cortex (PFC) undergoes dramatic structural 

reorganization and synaptic remodeling. Some dendritic spines and synapses are refined, whereas 

others are pruned (Bourgeois et al 1994, Rakic et al 1994, Shapiro et al 2017b). Although the 

molecular mechanisms mediating these events are not fully understood, some research suggests 

that structural instability may contribute to vulnerability to neuropsychiatric diseases (Christoffel 

et al 2011, Keshavan et al 2014). Thus, expediting or otherwise enhancing the structural remodeling 

that occurs during adolescence may be therapeutic in the treatment of adolescent-onset depression.  

An important factor in regulating dendritic spine structure, including during adolescence, 

is the RhoA GTPase substrate Rho-kinase (ROCK) (Hall 1998, Kerrisk et al 2013, Koleske 2013, 

Maekawa et al 1999, Murakoshi et al 2011). There are two isoforms of ROCK: ROCK1 and 

ROCK2, the latter more highly expressed in brain tissue (Duffy et al 2009, Nakagawa et al 1996). 

ROCK2 inhibits cofilin-mediated actin cycling, the process by which the equilibrium between 

monomeric, globular-actin (G-actin) and polymeric, filamentous-actin (F-actin) alters the size and 

shape of dendritic spines (dos Remedios et al 2003, Pontrello & Ethell 2009). Cofilin regulates the 

polymerization and depolymerization of F-actin, and ROCK2 inhibits cofilin to prevent changes in 
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the morphology of the dendritic spine (Maekawa et al 1999, Zhou et al 2009). Pharmacological 

inhibition of ROCK2 promotes activity-dependent dendritic spine pruning or spine head 

enlargement, depending on the extracellular milieu (Murakoshi et al 2011, Schubert et al 2006). 

The ROCK inhibitor, fasudil, has a particularly favorable pharmacological profile in humans: it has 

high oral bioavailability, minimal side effects, and readily crosses the blood brain barrier (Chen et 

al 2013).  

Here we report that fasudil has antidepressant-like effects in adolescent mice that are 

comparable to, or exceeding, those of the commonly prescribed antidepressant fluoxetine (Prozac) 

and the novel antidepressant, subanaesthetic ketamine. Fasudil increased protein levels of Akt (a 

signaling factor associated with antidepressant-like action), PSD-95, and the proportion of full-

length (active) tyrosine receptor kinase B (TrkB) relative to truncated (inactive) TrkB in the 

ventromedial prefrontal cortex (vmPFC), a locus of antidepressant action (Li et al 2010b, Mayberg 

et al 2005, Myers-Schulz & Koenigs 2012). Meanwhile, fasudil accelerated dendritic spine pruning 

on excitatory neurons in the vmPFC. This pattern suggests that inhibiting ROCK2 in the vmPFC 

facilitates adolescent-typical dendritic spine pruning, strengthens synapses that are not pruned, and 

has antidepressant-like action. Consistent with this notion, vmPFC-selective shRNA-mediated 

silencing of the neuronal ROCK2 isoform also had antidepressant-like effects. Importantly, 

systemic fasudil treatment was neither sedative, nor did it alter performance on a PFC-dependent 

reversal learning task in adolescents, and it had virtually no effects in adults. Together, these 

findings identify ROCK inhibitors as potential antidepressant agents well-suited to adolescent 

populations. 
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3.4 Methods 

3.4.1 Subjects. Subjects were C57BL/6 mice (Jackson Labs). Mice used for dendritic spine analyses 

expressed thy1-derived yellow fluorescent protein (YFP; H-line from: (Feng et al 2000)) and were 

fully back-crossed onto a C57BL/6 background. Due to heightened risk of depression in women 

(Accortt et al 2008, Schuch et al 2014), female mice were used unless otherwise noted. 

Mice referred to as “adolescent” were postnatal day (P) 41-42 of age (Spear 2000), and 

adult mice were ~12 weeks old. Mice were maintained on a 12-hour light cycle (0700 on) and 

provided food and water ad libitum. Procedures were Emory University IACUC-approved.  

 

3.4.2 Drugs and timing of injections. Mice were administered fasudil (LKT Laboratories; 10 

mg/kg in the main text and up to 30 mg/kg in the supplementary materials, as indicated graphically) 

(Swanson et al 2017, Swanson et al 2013). Fasudil was delivered i.p. dissolved in PBS. Other drugs 

were: SLx-2119 (Medchem Express; 70 mg/kg i.p. in DMSO) (adapted from (Lee et al 2014, Zanin-

Zhorov et al 2014)); fluoxetine (LKT Laboratories; 5 mg/kg i.p. in PBS) (Doosti et al 2013); or 

ketamine (Med-Vet International; 3 mg/kg i.p. in PBS) (Franceschelli et al 2015). Volumes were 1 

ml/100g with the exception of SLx-2119, which was administered in a volume of 0.5 ml/100g to 

minimize exposure to the DMSO vehicle.  

Unless otherwise noted, ketamine and fluoxetine were administered once, 30 minutes prior 

to behavioral testing or euthanasia, in accordance with prior reports, whereas fasudil and SLx-2119 

were administered 23, 5 and 1 hour prior to forced swim and novelty suppressed tests or euthanasia. 

This three-injection approach recapitulates the treatment regimen commonly used with tricyclic 

antidepressants. For locomotor monitoring experiments, mice were placed in the locomotor 

chambers immediately after injection for >1 hour, with the exact duration of each test indicated in 

the figures. To assess the “cognitive” effects of fasudil, if any, mice were injected daily over the 

course of 4 days 1 hour before a reversal task. Throughout, control mice received the corresponding 

vehicles at the corresponding times. Control groups did not differ and were combined. 
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3.4.3 Behavioral testing.  

Forced swim test. Forced swim tests were conducted by placing mice in a beaker filled to 10 cm 

with 25ºC water changed between animals. Six-minute sessions were videotaped under dim light, 

and time spent immobile in the last 4 minutes was scored (Porsolt et al 1977). Immobility was 

defined as only movements necessary to keep the head above water and was scored by a single 

blinded rater. 

Surgical procedures can interfere with performance in the forced swim test (Fan et al 2014). 

Thus, in mice that received intracranial infusions, 2 swim tests were conducted 24 hours apart, the 

first serving to habituate mice to the procedure. Immobility during the second test was scored and 

is reported.  

 

Novelty suppressed feeding. Mice were food-restricted for approximately 6 hours prior to testing 

and were then individually placed in a large clean cage (18” X 9.5” X 8.5”) with a high-fat food 

pellet placed in the center. Mice were placed in the corner of the cage, and latency to approach the 

food, defined as nasal or oral contact, was recorded by a single blinded rater.  

 

Locomotor activity. To assess whether drug administration was impacting general locomotion, 

mice were placed individually in clean cages positioned in customized locomotor monitoring 

frames (Med-Associates) equipped with 16 photobeams. Total beam breaks were collected over the 

duration of the test. 

 

Instrumental reversal task. From P29-P41, mice were trained to nose poke for 20 mg grain-based 

food reinforcers (Bio-Serv) using standard illuminated Med-Associates conditioning chambers 

equipped with 2 nose poke apertures located on opposite sides of one wall. Mice were reinforced 

for responding on one nose poke aperture according to a variable ratio 2 schedule of reinforcement. 
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Responding on the remaining aperture was not reinforced. Mice were trained once/day for 10 days 

until they clearly distinguished between the reinforced and non-reinforced responses. Sessions were 

25 minutes long on training days 1-5, and 50 minutes long on training days 6-10.  

Next, from P42-P45, mice were subjected to a PFC-dependent reversal test (Gourley et al 

2010). Fasudil or saline was administered daily 1 hour prior to the start of each session to determine 

whether it would have “cognitive” effects at antidepressant-like doses. During the reversal test, 

responding on the previously inactive aperture was reinforced, whereas the previously-reinforced 

response no longer generated food. Response rates and percentage of total responses that were 

correct were compared between groups.  

 

3.4.4 Immunoblotting. Mice were euthanized by rapid decapitation following brief anesthesia with 

isoflurane. The timing of euthanasia corresponded with timing of behavioral tests (i.e., 1 hour 

following the final fasudil injection or 30 minutes following the ketamine and fluoxetine 

injections). Brains were extracted and frozen at -80ºC and then sectioned using a chilled brain 

matrix into 1 mm sections. Tissue punches containing the prelimbic and infralimbic PFC regions 

were extracted using a 1 mm diameter tissue core. Tissues were then homogenized by sonication 

in lysis buffer (200 µl: 137 mM NaCl, 20 mM tris-Hcl (pH=8), 1% igepal, 10% glycerol, 1:100 

Phosphatase Inhibitor Cocktails 2 and 3 (Sigma), 1:1000 Protease Inhibitor Cocktail (Sigma)) and 

stored at -80ºC. Protein concentrations were determined using a Bradford colorimetric assay kit 

(Pierce).  

Equal amounts of protein were separated by SDS-PAGE on either 4-20% or 7.5% gradient 

tris-glycine gels (Bio-rad). Following transfer to PVDF membrane, blots were blocked with 5% 

nonfat milk for 1 hour. Membranes were incubated with primary antibodies (see table 3.1) at 4ºC 

overnight and then incubated in horseradish peroxidase secondary antibodies (anti-mouse, 

1:10,000, Jackson ImmunoResarch, anti-rabbit, 1:10,000, Vector Labs) for 1 hour. 

Immunoreactivity was assessed using a chemiluminescence substrate (Pierce) and measured using 
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a ChemiDoc MP Imaging System (Bio-rad). Densitometry values were normalized to the 

corresponding loading control. All densitometry values were then normalized to the control sample 

mean from the same membrane in order to control for variance in fluorescence between gels. All 

immunoblots were replicated at least twice.  

 

3.4.5 Dendritic spine analyses. Transgenic mice expressing YFP in layer V cortical pyramidal 

neurons were treated with fasudil or saline 23, 5 and 1 hour before euthanasia by rapid decapitation 

at P42, the timing and age used for behavioral studies. Another group was treated identically, and 

then euthanized 2 weeks following treatment (termed “washout” in the corresponding figure). 

Brains were submerged in chilled 4% paraformaldehyde for 48 hours, then transferred to 30% w/v 

sucrose and sectioned into 50 μm thick coronal sections on a microtome held at -15ºC.  

Neurons in the vmPFC and adjacent orbitofrontal prefrontal cortex (OFC) were imaged 

using a Leica SP8 confocal laser scanning microscope. Z-steps were collected with a 100X 1.4 

numerical aperture objective using a 0.1 μm step size. We confirmed at 10X magnification that the 

images were collected from the vmPFC, corresponding to figures 14-16, and from the OFC, 

corresponding to figures 7-13, of The Mouse Brain in Stereotaxic Coordinates (Paxinos & Franklin 

2002). Dendrites were 15-25 μm in length and located 25-150 μm from the cell body, and 5-9 

dendrites were imaged per mouse, with each mouse considered an independent sample.  

Dendritic spines were first manually counted by a blinded rater. Next, dendritic spines were 

reconstructed in 3-dimensions using Imaris software (Bitplane), as described (Swanson et al 2017). 

Briefly, a dendrite segment 15-25 μm in length was traced using the autodepth function. Dendritic 

spine heads were manually identified, and Imaris FilamentTracer processing algorithms were used 

to calculate morphological parameters. Dendritic spines were then classified as stubby, mushroom 

and thin. Stubby spines were defined as those with a length < 0.6 μm, and a head to neck ratio of < 

1.5. Mushroom spines had a head to neck ratio of > 1.5. Thin spines were defined as spines with a 

length > 0.6 μm, and a head to neck ratio of < 1.5. Dendritic spines that had a head to neck ratio of 
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> 1.5, but had a head size of < 0.4 μm, were also classified as thin. All spines had a length < 4.0 

μm (Bourne & Harris 2007, Radley et al 2013, Swanger et al 2011). 

 

3.4.6 ROCK2 shRNA and stereotaxic surgery. shRNA against ROCK2 and a scrambled control 

construct were generated by the Emory Cloning Core. The following sequences were used: shRNA 

5-CAATGAAGCTTCTTAGTAA and scramble: 5-GGACTACTCTAGACGTATA (Herskowitz 

et al 2013). The constructs were packaged into adeno-associated viruses (AAV)-2 with a CMV 

promoter and an mCherry tag by the Emory Viral Vector Core. Titers were 5.3x10^10 vg/ml and 

1.5x10^11 vg/ml for the shRNA and scramble viruses, respectively.  

Intracranial surgery was performed at P21. Mice were anesthetized with ketamine and 

dexdormitor. Stereotaxic coordinates were located on the leveled skull, and viruses were infused in 

a volume of 0.5 μl at AP+2.0, DV-2.8, ML+0.1 (Gourley et al 2010, Gourley et al 2012c) over 5 

minutes with needles left in place for an additional 5 minutes. Mice were then sutured and revived 

with antisedan (1 mg/kg, i.p.). Mice were allowed to recover for 21 days. After testing, mice were 

killed by rapid decapitation following brief anesthesia with isoflurane, and brains were extracted 

and submerged in chilled 4% paraformaldehyde for 48 hours, then transferred to chilled 30% w/v 

sucrose for histological processing.  

 

3.4.7 Histology. Infusion sites from the shRNA experiment were verified through visualization of 

the mCherry tag. Brains were sectioned into 50 µm-thick sections on a microtome held at -15°C. 

Sections were mounted, coverslipped and imaged.  

 

3.4.8 Electrophysiology. Electrophysiology experiments were conducted between P41-P44, 

following shRNA-mediated reduction of ROCK2. Mice were anaesthetized with isoflurane and 

brains were rapidly dissected and immersed in a 4⁰C 95-5% oxygen/carbon dioxide oxygenated 

cutting solution (in mM: NaCl (130), NaHCO3 (30), KCl (3.5), KH2PO4 (1.1), MgCl2 (6.0), CaCl2 
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(1.0), glucose (10), and supplemented with kynurenic acid (2.0)). 350 µm sections containing the 

vmPFC were collected and submerged for 1 hour in oxygenated artificial cerebrospinal fluid made 

up of: NaCl (130), NaHCO3 (30), KCl (3.5), KH2PO4 (1.1), MgCl2 (1.3), CaCl2 (2.5), and glucose 

(10). Slices were then mounted to a recording chamber on the fixed stage of a Leica DM6000 FS 

microscope and continuously perfused with oxygenated 32⁰C artificial cerebrospinal fluid at a 

speed of 2 ml/minute. A potassium-based patch solution was made RNase-free and supplemented 

with an RNase inhibitor (1U/μl; Life Technologies). Whole-cell recordings from mCherry and YFP 

co-expressing cells were obtained as previously described (Rainnie et al 2014).  

 

3.4.9 Statistical analyses. t-tests and one- or two-factor ANOVAs were performed using SigmaStat 

and Graphpad Prism, with α<0.05 to detect differences in immobility scores, normalized 

densitometry values, latencies to approach food, and dendritic spine densities. Response rates and 

locomotor counts from the instrumental conditioning and locomotor assays were compared by 

repeated measures ANOVAs. Tukey’s post-hoc comparisons were used in the case of significant 

interactions or main effects between >2 groups. Comparisons were two-tailed except to compare 

immobility scores between control and SLx-2119-treated mice and ROCK2 expression in tissues 

subjected to ROCK2 shRNA infusion, in which case, a priori hypotheses warranted one-tailed 

approaches. Throughout, values lying two standard deviations outside the mean were considered 

outliers and excluded.  
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3.5 Results 

The development of novel antidepressant agents suitable for adolescents is an urgent 

medical need. Here we characterize the effects of the ROCK inhibitor, fasudil, in tests of 

antidepressant-like efficacy and on PFC neurobiology in adolescent and adult mice.  

 

3.5.1 ROCK inhibition has rapid antidepressant-like effects in adolescent mice.  

 To begin, we evaluated the antidepressant-like potential of fasudil in the forced swim test, 

a rapid screen used to predict antidepressant efficacy, in adolescent male and female male. Fasudil 

decreased time spent immobile, an antidepressant-like effect, in both sexes [main effect of fasudil 

F(1,42)=14.24, p=0.012, no interactions] (fig. 3.1a). Fasudil did not impact locomotor activity at the 

time of test (fig. S3.1a,b), and the antidepressant-like activity of fasudil was dose-dependent (fig. 

S.3.1c). To further characterize the antidepressant-like efficacy of fasudil, we compared the effects 

of fasudil to those of fluoxetine and ketamine. Ketamine’s antidepressant-like efficacy in 

adolescent rodents is limited (Nosyreva et al 2014), so it was not surprising when we observed 

highly variable responses to ketamine, despite the utilization of a dose that has antidepressant-like 

effects in adult mice (Franceschelli et al 2015). As a result, a median split was applied to identify 

ketamine “responders” and “non-responders” (fig. S3.2a). In the forced swim test, fasudil-treated 

mice were indistinguishable from ketamine “responders” and fluoxetine-treated mice, reducing 

immobility time compared to saline-treated mice [F(3,45)=7.01, p=0.001] (fig. 3.1b).  

One limitation of the forced swim is that it lacks face validity, meaning, drugs like 

fluoxetine are efficacious 30 minutes after administration in the forced swim test but may take 4-6 

weeks to have an effect in clinical populations. We were thus interested in testing the efficacy of 

fasudil in a task that is predictive of therapeutic onset, so we used the novelty suppressed feeding 

task (Ramaker & Dulawa 2017). In this task, fasudil-treated mice and ketamine “responders” 

generated lower latencies to approach a novel food than control mice, exhibiting rapid 

antidepressant-like responses [F(3,32)=4.06, p=0.015] (fig. 3.1c, S3.2b). Fluoxetine did not impact 
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performance, as expected, given that chronic treatment of this drug is necessary for antidepressant 

action in humans. 

Although ROCK2 is the dominant ROCK isoform in the central nervous system, ROCK1 

is also present in the brain. Thus, we evaluated the effects of the novel ROCK2-specific inhibitor, 

SLx-2119. As with fasudil, SLx-2119 decreased the time spent immobile in the forced swim test 

in adolescent mice [t(15)=1.90, p=0.039] (fig. 3.1d). Notably, we identified a modest sedative effect 

of SLx-2119 (fig. S3.3a,b); thus, even with blunted locomotor activity, SLx-2119 mice spent more 

time mobile than control mice, indicating that ROCK2 inhibition has antidepressant-like efficacy.  

 

3.5.2 ROCK inhibition alters signaling factors associated with antidepressant efficacy. 

 We next extracted the vmPFC, considered a locus of antidepressant action, and measured 

the effects of fasudil, fluoxetine, and ketamine on signaling factors associated with antidepressant 

action (Duman et al 2012, Li et al 2010b). Fasudil and fluoxetine increased Akt [F(3,38)=17.14, 

p<0.0001] (fig. 3.2a, S3.4a), and levels of the downstream mTOR trended in the same direction 

(fig. 3.2b, S3.4b) [F(3,43)=2.26, p=0.095]. Fluoxetine also increased p110β, a catalytic subunit of 

PI3-kinase downstream of G-protein coupled receptors (Guillermet-Guibert et al 2008) 

[F(3,42)=5.78, p=0.0023] (fig. 3.2c, S3.4c). It also enhanced ERK42/44 levels [ERK42 F(3,35)=13.62, 

p<0.0001, ERK44 F(3,38)=4.09, p=0.014] (fig. 3.2d-e). We also investigated phosphorylation levels 

of all proteins (relative to total protein), which did not differ between groups (not shown). 

Nevertheless, greater overall levels of Akt, for example, would translate to greater overall levels of 

phosphorylated Akt, given that phospho-signals are normalized to total protein. Interestingly, 

ketamine did not alter any of these signaling factors despite using tissue from ketamine 

“responders.” This outcome suggests that antidepressant-like mechanisms in adolescent mice may 

be distinct from those in adults, but further studies are needed.  
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3.5.3 ROCK inhibition has differential effects in adolescent and adult mice.  

Next, we evaluated the antidepressant-like potential of fasudil in adult, vs. adolescent, 

mice. Because drug-naïve adult and adolescent mice differed in their immobility scores (table 3.2), 

we normalized fasudil-treated mice to their same-age control counterparts. Again, fasudil decreased 

time spent immobile in adolescent mice, an antidepressant-like effect, but not in adult mice 

[t(14)=2.57, p=0.022] (fig. 3.3a, table 3.2). Even at higher doses, fasudil did not have antidepressant-

like effects in adults (fig. S3.5a-c).  

 Given that fasudil has antidepressant-like efficacy in adolescent but not adult mice, we 

tested whether fasudil also differentially impacts molecular factors in the vmPFC associated with 

antidepressant-like action. Fasudil increased the proportion of full-length TrkB (TrkB.FL) relative 

to inactive, truncated TrkB (TrkB.t1) in adolescents but not adults [t(12)=4.54, p=0.0007] (fig. 3.3b). 

It also elevated PSD-95, a postsynaptic marker of excitatory synapses, in adolescents but not in 

adults [t(12)=6.10, p<0.0001] (fig. 3.3c). Fasudil did not have any effect on synaptophysin, a 

presynaptic marker, in adolescent or adult mice [t(13)=1.03, p=0.321] (fig. 3.3d), suggesting that the 

elevation in PSD-95 is indicative of strengthened synapses, rather than an over-abundance of 

synapses (Beique & Andrade 2003, Navone et al 1986, Stein et al 2003, Tarsa & Goda 2002)  

 

3.5.4 Acute ROCK inhibition prunes vmPFC dendritic spines in adolescence.  

Adolescence is characterized by considerable structural plasticity in the PFC, culminating 

in the pruning of dendritic spines and the stabilization of remaining synapses. We used confocal 

microscopy and YFP-expressing mice to determine whether fasudil, at antidepressant-like doses, 

induced cytoskeletal modifications in the vmPFC. We first quantified dendritic spine densities 1 

hour and 2 weeks following fasudil by manually counting dendritic spines (fig. 3.4a). Fasudil 

rapidly pruned dendritic spines on excitatory neurons, while the washout groups did not differ 

[interaction F(1,22)=5.75, p=0.025] (fig. 3.4b).  
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Next, we reconstructed dendrites in 3D, enabling us to classify dendritic spines. This 

analysis revealed that fasudil pruned all three spine subtypes – stubby, mushroom and thin [main 

effect of fasudil F(1,36)=4.65, p=0.038, no interactions] (fig. 3.4c).  

ROCK2 is highly expressed in both the vmPFC and adjacent OFC, but dendritic spines 

within the OFC are pruned according to a comparatively delayed trajectory (Shapiro et al 2017b). 

Fasudil did not affect dendritic spines in the OFC [main effect F(1,18)=0.22, p=0.645, no 

interactions] (fig. 3.4d), suggesting that dendritic spine plasticity on these neurons is not required 

for the antidepressant-like consequences of fasudil.  

 

3.5.5 Fasudil does not alter PFC- and hippocampal-dependent learning and memory. 

Dendritic spine pruning during adolescence is a critical component of typical maturation, 

but we nevertheless felt it important to confirm that fasudil did not negatively impact cognitive 

function and behavioral flexibility in adolescents. We approached this issue using an instrumental 

reversal learning task in which the mice were initially placed in chambers with two nose poke 

apertures. Responding on one aperture resulted in food pellet delivery, while responding on the 

other aperture had no effect. After a training period, the “active” and “inactive” apertures were 

reversed (fig. 3.5a), requiring the mice to modify their response strategies, a process dependent on 

an extended PFC and hippocampal circuit (Gourley et al 2010).  

After the initial training, drug-naive mice were divided into “to be saline” and “to be 

fasudil” groups, matched based on their response rates. Mice could differentiate between reinforced 

and non-reinforced responses during training [day x nosepoke interaction F(9,400)=21.82, p<0.0001], 

and we found no differences in response acquisition [“to be saline” vs. “to be fasudil” F(1,400)=1.06, 

p=0.304, no interactions] (fig. 3.5b). In the reversal phase, response rates on the newly reinforced 

aperture increased over time [main effect of day F(3,19)=39.75, p<0.0001, no interactions] while the 

previously reinforced response was inhibited [main effect of day F(3,19)= 44.86, p<0.0001, no 

interactions]. Fasudil did not alter response rates [no effect of fasudil F(1,19)=0.023, p=0.882, no 
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interactions] (fig. 3.5c) or response accuracy [no effect of fasudil F(1,19)=1.20, p=0.287, no 

interactions] (fig. 3.5d). Thus, mice could flexibly adjust their behavior and form new reward-

related memory, regardless of treatment.  

 

3.5.6 vmPFC-selective ROCK2 silencing has antidepressant-like effects.  

Our findings indicate that systemic treatment with a ROCK2 inhibitor has antidepressant-

like efficacy in adolescent mice, but it was unclear whether these antidepressant-like effects were 

due to ROCK2 inhibition specifically in the vmPFC. To test this possibility, we generated an 

shRNA against ROCK2 (fig. 3.6a) packaged into an AAV and infused it into the vmPFC. Gross 

tissue punches collected from the vmPFC (including both infected and non-infected tissue) 

contained 17% less ROCK2 relative to tissue expressing a scrambled construct [t(11)=1.74, p=0.055] 

(fig. 3.6b-c). Selective ROCK2 inhibition decreased immobility in the forced swim test, an 

antidepressant-like effect [t(19)=2.15, p=0.045] (fig. 3.6d). Importantly, electrophysiological 

recordings from shRNA-infected neurons revealed no gross differences in baseline physiological 

properties (fig. 3.6e, table S3.1), suggesting that ROCK2-deficient neurons remained healthy.  
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3.6 Discussion 

Adolescent-onset depression is an urgent medical concern due to increased resistance to 

typical antidepressant treatment in adolescents and a high risk of recurrence across the lifespan 

(Birmaher 2007, DeFilippis & Wagner 2014, Klein et al 1988, Kovacs et al 1994, Lewinsohn et al 

1991). Further, very few viable treatment options exist. Based on evidence that mammalian PFC 

neurons undergo considerable structural maturation during adolescence, we investigated the 

antidepressant-like effects of pharmacological compounds that act on cytoskeletal regulatory, 

rather than classical neurotransmitter, systems. We find that inhibition of ROCK, a RhoA GTPase 

substrate, has rapid antidepressant-like efficacy in adolescent mice, and the ROCK inhibitor fasudil 

is comparable to ketamine and fluoxetine. Fasudil also elevated Akt and TrkB, signaling factors 

associated with antidepressant action, as well as PSD-95, a synaptic marker, in the adolescent PFC. 

Meanwhile, fasudil did not affect adult mice. Quantification of pyramidal neuron morphology 

revealed that fasudil stimulated dendritic spine pruning during adolescence, resulting in adult-like 

dendritic spine densities. vmPFC-selective silencing of the ROCK2 isoform had antidepressant-

like behavioral effects, without altering the intrinsic membrane properties of ROCK2-deficient 

neurons. Together, these findings suggest that drugs targeting actin cytoskeletal regulatory proteins, 

such as ROCK2, may be therapeutic for adolescent-onset depression.  

 

3.6.1 ROCK2 inhibition has rapid antidepressant-like effects in adolescent mice.  

During adolescence, dendritic spines within the PFC are pruned, refined and stabilized. 

This structural and synaptic reorganization is critical for neurodevelopment and is conserved across 

species (Bourgeois et al 1994, Huttenlocher 1990, Rakic et al 1994, Shapiro et al 2017b) however, 

the structural instability inherent in this process may confer vulnerability to neuropsychiatric 

disease (Keshavan et al 2014). ROCK2 is the dominant ROCK isoform in the brain and is a 

substrate of the RhoA GTPase (Duffy et al 2009, Nakagawa et al 1996). ROCK2 inhibits cofilin-

mediated actin cycling, defined as the assembly and disassembly of F-actin, to regulate dendritic 
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spine morphology (dos Remedios et al 2003, Pontrello & Ethell 2009). ROCK2 inhibition thus 

enhances actin cycling, promoting changes in dendritic spine morphology and composition 

(Maekawa et al 1999, Zhou et al 2009). We hypothesized that the ROCK inhibitor fasudil would 

expedite the neural remodeling that occurs during adolescence (i.e., activity-dependent dendritic 

spine pruning within the PFC) and would have antidepressant-like behavioral consequences.  

In adolescent mice, fasudil reduced immobility in the forced swim test, an antidepressant-

like effect. The therapeutic-like effect of fasudil is likely attributable to inhibition of ROCK2, given 

that the highly specific ROCK2 inhibitor SLx-2119 also reduced time spent immobile. Notably, 

SLx-2119 was mildly sedative, and despite blunted locomotor activity, SLx-2119-treated mice 

nevertheless spent less time immobile than their vehicle-treated counterparts, potentially 

highlighting the considerable antidepressant-like efficacy of SLx-2119.  

The efficacy of fasudil in the forced swim test was comparable to that of ketamine and 

fluoxetine. This was a critical finding, as fluoxetine is the first line of treatment for adolescent-

onset depression (Garland et al 2016, Vitiello & Ordonez 2016), and ketamine has emerged as a 

novel option that exerts rapid effects in treatment-resistant depression. Nevertheless, new treatment 

approaches are needed: Although fluoxetine is the most effective pharmacotherapy for treating 

depression in adolescents, approximately half fail to respond (Birmaher 2007, Cipriani et al 2016, 

Emslie et al 2010). And while ketamine has gained considerable attention as a potential novel 

antidepressant, it has limited therapeutic potential for adolescents due to concerns regarding safety 

and abuse, and studies in rodents suggest that ketamine has minimal efficacy in adolescents 

(Naughton et al 2014, Nosyreva et al 2014). To compare the effects of fasudil to the most optimal 

ketamine response, we used a median split to identify ketamine “responders” and “non-

responders.” Our observation that fasudil’s antidepressant-like efficacy is comparable to ketamine 

“responders” highlights the potential of fasudil as a novel treatment option.  

One limitation of the forced swim test is that it lacks face validity, meaning, drugs like 

fluoxetine can improve performance in the task minutes after treatment, but require several weeks 
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before having an effect in clinical populations. The novelty suppressed feeding test is sensitive to 

the therapeutic onset of antidepressants, for instance, requiring chronic administration of typical 

antidepressants before an observable effect can be detected (Ramaker & Dulawa 2017). Thus, it 

was not surprising that fluoxetine had no effects in our experiment. Fasudil-treated mice and 

ketamine “responders,” however, exhibited decreased the latency to approach a novel food, an 

antidepressant-like effect that suggests that like ketamine (Autry et al 2011, Li et al 2010b), fasudil 

has rapid therapeutic-like consequences. 

 

3.6.2 Fasudil modulates antidepressant-related proteins.  

The neurotrophic factor, brain-derived neurotrophic factor (BDNF), and its high-affinity 

receptor TrkB are overwhelmingly implicated in the efficacy of chemically distinct antidepressants 

(Bjorkholm & Monteggia 2016, Castren & Rantamaki 2010, Rantamaki & Yalcin 2015). The TrkB 

receptor exists in a full-length (TrkB.FL) and truncated (TrkB.t1) form. When activated, TrkB.FL 

stimulates multiple intracellular signaling cascades to promote neuronal survival and plasticity 

(Deinhardt & Chao 2014). TrkB.t1 lacks the intracellular kinase domain, and can serve as dominant 

negative receptor by binding BDNF and preventing activation of TrkB.FL (Fenner 2012). Fasudil 

increased the ratio of TrkB.FL/TrkB.t1 in the vmPFC of adolescent but not adult mice here, which 

would be expected to increase the ability of TrkB.FL to stimulate downstream signaling partners. 

Fasudil also increased Akt, which is downstream of TrkB and implicated in antidepressant 

mechanisms (Beaulieu 2012, Li et al 2010b), which could further augment this effect. We did not 

observe any effect of fasudil on Akt phosphorylation levels, which we normalized to total protein 

levels (data not shown). Thus, elevated levels of Akt indicate higher levels of phosphorylated Akt. 

Our findings are consistent with prior investigations indicating that fasudil increases Bdnf in vitro 

(Lau et al 2012, Yu et al 2016a, Yu et al 2016b), given that BDNF can stimulate TrkB ultimately 

increasing Akt signaling.  
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In experiments reported in our Supplementary Materials (fig. S3.6), we overexpressed 

Trkb.t1 in the vmPFC. Trkb.t1-overexpressing mice were sensitive to fasudil in the forced swim 

test, suggesting that the antidepressant-like effects of fasudil in this test are not associated with 

TrkB, per se. Nevertheless, our findings do not rule out the possibility that fasudil-mediated 

TrkB/Akt augmentation may have other antidepressant-like consequences. For example, BDNF-

TrkB stimulation in the vmPFC restores reward sensitivity in a model of depression (Gourley et al 

2012c). Whether fasudil has antidepressant-like effects in models of adolescent-onset depression 

will be tested in future investigations.  

 

3.6.3 ROCK inhibition expedites dendritic spine pruning in the vmPFC during adolescence. 

During adolescence, dendritic spines in the rodent PFC are eliminated (DePoy et al 2013, 

Gourley et al 2012b, Koss et al 2014, Markham et al 2013, Milstein et al 2013, Pattwell et al 2016, 

Shapiro et al 2017a) (also, fig.4 here). We find that fasudil expedites this pruning in the vmPFC, 

resulting in densities that were 12% lower in fasudil-treated mice than controls 1 hour after 

injection. Although 12% may seem modest, this value far exceeds 1-hour spine elimination values 

predicted by in vivo imaging of adolescent frontal cortical neurons (Liston et al 2006, Maret et al 

2011, Pattwell et al 2016, Zuo et al 2005). Fasudil may have had such potent consequences because 

administration coincided with the light cycle when mice are typically sleeping, significant because 

sleep facilitates spine pruning in adolescents (Maret et al 2011). Importantly, fasudil did not alter 

performance in a PFC-dependent decision-making task, and spine density was unchanged 

following a 2-week washout period, suggesting that fasudil expedites age-appropriate spine 

pruning, rather than non-specifically eliminating spines critical to PFC function.  

Fasudil did not affect dendritic spines in the OFC. This outcome may be attributable to the 

relatively delayed maturation of the OFC compared to the vmPFC. In humans, white matter volume 

in the medial PFC reaches an adult-like state earlier than in the OFC (Tamnes et al 2010). In rodents, 

medial PFC volume peaks at ~P24, while OFC volume peaks later, at ~P30 (Uylings & van Eden 
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1990, van Eden & Uylings 1985). On layer V neurons, dendritic spine densities in the vmPFC drop 

considerably between P31 to 42, whereas in the OFC, dendritic spine densities decline later, 

between P39 and P56 (Shapiro et al 2017b). The OFC densities we collected at P42 here are far 

more in line with those collected at P31 (adolescence) than P56 (adulthood) in prior reports (DePoy 

et al 2013, Gourley et al 2012b, Shapiro et al 2017b), further supporting the notion that dendritic 

spine pruning in the OFC lags that in the vmPFC. It is possible that fasudil would facilitate dendritic 

spine pruning in the OFC at a later time point, or that fasudil modifies dendritic spine density or 

structure on dendritic segments not imaged here, or on other neurons, such as cortico-cortical layer 

II/III neurons. These topics could be investigated in future studies. Nevertheless, our current 

findings suggest that dendritic spine plasticity on these layer V dendrites is not obviously required 

for the antidepressant-like consequences of fasudil. 

While fasudil reduced dendritic spine density in the vmPFC, it increased PSD-95, a post-

synaptic marker associated with synaptic strength (Beique & Andrade 2003, Stein et al 2003). 

Meanwhile, synaptophysin, a presynaptic marker associated with synapse density (Navone et al 

1986, Tarsa & Goda 2002), was unaffected. Together, this pattern suggests that the elevation in 

PSD-95 is indicative of strengthened synapses, rather than an over-abundance of synapses. 

All together, we report that fasudil has antidepressant-like efficacy that exceeds that of 

existing pharmacotherapy options for adolescent-onset depression. Our data supports the notion 

that expediting the structural remodeling that occurs during adolescence may be therapeutic. 

Additionally, fasudil did not interfere with PFC function, which was expected, as some studies have 

suggested fasudil may even have utility as a cognitive enhancer (Huentelman et al 2009, Swanson 

et al 2017).  

 

3.6.4 Selective ROCK2 inhibition in the vmPFC has therapeutic-like effects. 

In line with our report, previous studies suggest that ROCK inhibition has antidepressant-

like consequences. For example, chronic fasudil administration blocks stress-induced depression-
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like behaviors and dendritic spine loss in hippocampal CA1 (Garcia-Rojo et al 2017). Further, 

infusion of the pan-ROCK inhibitor, Y-27632, into the infralimbic PFC has antidepressant-like 

effects in the forced swim test (Inan et al 2015). Given these and our own findings, we generated 

an shRNA against ROCK2, infusing it into the vmPFC prior to adolescence, anticipating maximal 

knockdown during adolescence. Site-selective ROCK2 inhibition reduced immobility in the forced 

swim test, an antidepressant-like effect. Ours is thus the first investigation to reveal that selective 

inhibition of ROCK2 (as opposed to both ROCK1 and 2 isoforms) has antidepressant-like 

consequences, and to suggest that ROCK inhibitory treatment strategies may be particularly 

suitable for adolescents suffering from depression.  
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Figure 3.1. ROCK inhibition has antidepressant-like efficacy in adolescent mice. A. The 

ROCK inhibitor fasudil has an antidepressant-like effects in adolescent male and female mice, 

indicated by a reduction in the time spent immobile in the forced swim test. n=11-13/group. B. The 

effects of fasudil are comparable to those of fluoxetine and ketamine in adolescent mice. n=6-

9/experimental group, with a combined control sample size of 26. C. Further, fasudil reduces 

latency to approach food in the novelty suppressed feeding task, suggesting that it has rapid 

antidepressant-like effects. n=8-11/group. D. SLx-2119, a highly specific ROCK2 inhibitor, 

recapitulates the antidepressant-like effects of fasudil in the forced swim test, indicating that 

ROCK2 inhibition has antidepressant-like efficacy. n=8-9/group. Means + SEMs, *p<0.05. 
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Figure 3.2. Acute fasudil increases Akt, an antidepressant-associated protein, in the vmPFC 

of adolescent mice. A. We measured levels of several signaling factors associated with 

antidepressant action. Fasudil and fluoxetine both increased Akt. B. No drugs significantly affected 

mTOR. C. Fluoxetine also increased levels of the PI3K catalytic subunit, p110β, ERK44 (D) and 

ERK42 (E). All proteins were detected at the expected molecular weights, and representative blots 

and provided in fig. S3. n=6-10/group with a combined control sample size of 17-22. Means + 

SEMs, *p<0.05.  
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Figure 3.3. Fasudil has differential effects on adult and adolescent mice, enriching TrkB and 

PSD-95 in adolescents. A. Fasudil has antidepressant-like efficacy in adolescent mice, but not 

adult mice, in the forced swim test. The dashed line represents age-matched control mice. Raw 

immobility values are provided in table 3.2. n=7-9/group. B. The TrkB receptor is upstream of 

several signaling factors measured in figure 2. Fasudil increases the ratio of the active TrkB.FL 

isoform relative to the inactive TrkB.t1 isoform in the vmPFC of adolescent, but not adult, mice. 

n=7/group. C. PSD-95 was similarly elevated. n=6-8/group. D. Fasudil did not alter the presynaptic 

marker, synaptophysin (syn). n=7-8/group. Representative blots are adjacent. HSP-70 served as a 

loading control. Proteins were detected at the expected molecular weights (TrkB.FL: 130 kD, 

TrkB.t1: 90 kD, HSP-70: 70 kD, PSD-95: 95 kD, syn: 37 kD). Means + SEMs, *p<0.05.  
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Figure 3.4. Fasudil expedites dendritic spine pruning in the adolescent vmPFC. A. Timeline 

of experimental events: fasudil was administered at P42, and dendritic spines on layer V neurons 

in the vmPFC (represented in blue on a coronal section from the Mouse Brain Library (Rosen et 

al., 2000)) were quantified either 1 hour following administration or after a two-week washout 

period. B. Fasudil reduces dendritic spine density in adolescence, recapitulating adult-like spine 

densities. In adulthood, mice with a history of fasudil have typical dendritic spine densities. 

Representative dendritic segments are adjacent. n=6-7/group. C. 3D reconstructions of dendritic 

spines from the adolescent group reveal a non-specific loss of stubby, mushroom and thin spines. 

n=7/group. Inset: Representative dendrite reconstructions. D. In the adjacent OFC (represented in 

blue on a coronal section from the Mouse Brain Library (Rosen et al., 2000)), we find no changes 

in dendritic spine densities. n=5-6/group. Means + SEMs, *p<0.05. Scale bars=2 μm.  
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Figure 3.5. Fasudil does not impact performance on a PFC-dependent reversal task. A. 

Schematic of our task: during the training days, one nose poke response is reinforced by a food 

pellet, while another is not. On test days, the “active” reinforced and “inactive” non-reinforced 

responses are reversed; thus, mice must modify their response strategies to earn reward. B. During 

training, all mice selectively respond on the active aperture. C. Mice received fasudil or saline prior 

to test on reversal days, revealing no effect of fasudil on animals’ ability to reverse their response 

strategies. D. Accordingly, response accuracy is also not affected. n=10-11/group. Means + SEMs. 

Illustration courtesy of A. Allen. 
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Figure 3.6. ROCK2 inhibition selectively in the vmPFC has antidepressant-like effects. A. 

Timeline of experimental events: AAVs containing an shRNA against ROCK2 or a scrambled 

sequence as a control and an mCherry tag were infused at P21. Experiments were then conducted 

at P42. B. The vmPFC was dissected from fresh frozen brains, yielding tissue samples containing 

both infected and uninfected tissue. Immunoblotting revealed that ROCK2 shRNA reduces gross 

ROCK2 protein levels in the vmPFC by 17%. Representative blots are adjacent. HSP-70 served as 

a loading control. n=5-8/group. C. Separate mice were generated for behavioral testing. 

Visualization of the mCherry tag confirmed that the viral vector infected the vmPFC. White 

represents the smallest infusion spread, and black the largest (coronal brain sections with 

coordinates relative to Bregma from (Paxinos & Franklin 2002, Rosen et al 2000)). D. shRNA-
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mediated ROCK2 inhibition has antidepressant-like efficacy in the forced swim test. n=10-

11/group. E. We detected no effects of ROCK2 deficiency on baseline physiological properties of 

layer V vmPFC neurons, suggesting that adolescent ROCK2-deficient neurons remained healthy. 

Representative traces are shown. See table S3.1 for quantification of physiological parameters. 

n=6/group. Means + SEMs, *p<0.055.  
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Table 3.1. Antibodies used in this study.  

 

 

  

ANTIBODY HOST MANUFACTURER, 
PRODUCT NUMBER, LOT 

NUMBER 

CONC. 

ANTI-HSP70 Mouse-monoclonal Santa Cruz Biotechnology #7298, 
lot F0413 

1:5000 

ANTI-ROCK2 Rabbit-polyclonal Abcam #71598, lot Gr51275-1 1:1000 

ANTI-PSD95 Rabbit-monoclonal Cell Signaling #3450, lot 2 1:1000 

ANTI-
SYNAPTOPHYSIN 

Rabbit-monoclonal Abcam #32127, lot Gr196393-2 1:20,000 

ANTI-TRKB Rabbit-monoclonal Cell Signaling #4603, lot 3 1:250 

ANTI-AKT Rabbit-monoclonal  Cell Signaling #4691, lot 17 1:1000 

ANTI-MTOR Rabbit-polyclonal  Cell Signaling #2972, lot 6 1:1000 

ANTI-PI3 KINASE 
P110β 

Rabbit-polyclonal Millipore #09-482, lots 2679376, 
2437357, 2278492 

1:250 

ANTI-P44/42 ERK Rabbit-polyclonal Cell Signaling #9102, lot 26 1:1000 
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Table 3.2. Time spent immobile (raw values) for adult and adolescent mice in the forced 
swim test.  

 

 

 

 

 

 

 

 

 

  

Age Drug n Time spent immobile (±SEM) Statistics 

Adult  Saline  6 141.53 + 10.5 sec t(11)=0.25, p=0.807 

Adult  Fasudil  7 137.80 + 10.5 sec 

Adolescent Saline  7 157.33 + 17.02 sec  t(14)=2.38, p=0.032 

Adolescent  Fasudil  9 101.92 + 15.7 sec 
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3.6 Supplementary documents 

 

 

Supplementary Figure 3.1. Fasudil has dose-dependent antidepressant-like effects in 

adolescent male and female mice without inducing sedation at antidepressant-like dosing. A. 

Fasudil was administered to adolescent male and female mice 23, 5 and 1 hour prior to the forced 

swim test (FST). Between the final injection and FST, mice were placed in locomotor monitoring 

chambers. “lm test” refers to locomotor test. B. 30 mg/kg fasudil transiently decreased locomotor 

activity, but groups did not differ by the start of the FST at 60 minutes [interaction F(15,130)=2.55, 

p=0.002]. C. As reported in the main text, 10 mg/kg fasudil reduced the time spent immobile in the 

FST, an antidepressant-like effect [F(3,56)=4.91, p=0.004]. Means + SEMs, *p<0.05, n=7-24/group.  
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Supplementary Figure 3.2. Ketamine has variable behavioral effects in adolescent mice. A 

median split was used to identify ketamine “responders” and “non-responders” in the (A) forced 

swim test (t(14)=5.94, p<0.0001) and (B) novelty suppressed feeding test (t(14)=8.03, p<0.0001). 

Individual mice are plotted with means + SEMs, *p<0.05, n=8/group.  
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Supplementary Figure 3.3. Effects of SLx-2219 on locomotor activity. A. SLx-2119 was 

administered to adolescent female mice 23, 5 and 1 hour prior to the forced swim test (FST), as 

indicated by the arrows. Mice were placed into locomotor monitoring chambers for an 18-hour 

period as indicated. “lm test” refers to locomotor test. B. We identified a trend towards blunted 

activity [F(1,16)=3.91, p=0.066]. Means + SEMs, *p<0.05, n=8-10/group. 
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Supplementary Figure 3.4. Representative western blot images illustrate effects of fasudil, 

fluoxetine and ketamine on signaling factors. A. Fasudil and fluoxetine significantly increase 

Akt levels. B. No drugs impacted mTOR and (C) only fluoxetine increased levels of the PI3K 

catalytic subunit, p110β and (D) ERK 44/42. All pairs of bands were extracted from the same gels. 

HSP-70 served as a loading control. Protein was detected at expected molecular weights. Effects 

are quantified in fig. 2 of the main text.  
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Supplementary Figure 3.5. Fasudil does not have antidepressant-like efficacy in adult mice. 

A. Fasudil was administered to adult male and female mice 23, 5 and 1 hour prior to the forced 

swim test (FST). Between the final injection and FST, mice were placed in locomotor monitoring 

chambers. “lm test” refers to locomotor test. B. The 30 mg/kg dose briefly blunted locomotor 

activity [interaction F(10,105)=2.81, p=0.004], but groups did not differ by the start of the FST at 60 

minutes. C. In adults, neither dose tested elicited antidepressant-like effects in the FST. Instead, 30 

mg/kg increased time spent immobile [F(2,22)=9.78, p=0.0009]. Means + SEMs, *p<0.05, n=7-

11/group.  
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Supplementary Figure 3.6. The antidepressant-like effects of fasudil in the forced swim test 

(FST) are TrkB-independent. A. Upon ligand binding, TrkB dimerizes. There are two isoforms 

of TrkB: full-length and truncated. The full-length isoform contains a kinase domain that 

autophosphorylates to activate intracellular signaling cascades, whereas the truncated isoform lacks 

this domain and thus cannot activate canonical intracellular signaling cascades. B. Experimental 

timeline: at P21, a lentivirus expressing truncated TrkB (TrkB.t1) or green fluorescent protein 

(GFP) (Rattiner et al 2004) was infused into the vmPFC. Viral vector spread was consistent with 

that shown in main text fig. 6b. At P42, mice were tested in the FST. C. Fasudil decreases the time 

spent immobile, regardless of viral vector group, suggesting that the antidepressant-like efficacy of 

fasudil in this test is not dependent upon TrkB signaling in the vmPFC [main effect of drug 

F(1,20)=15.68, p<0.001; no effect of virus F(1,20)=0.41, p=0.529; no interactions]. Means + SEMs, 

*p<0.05, n=5-7/group. 
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Supplementary methods associated with Supplementary Figure 6 

TrkB.t1- or green fluorescent protein (GFP)-expressing constructs were packaged into 

lentiviruses with a CMV promoter and HA tag by the Emory University Viral Vector Core. This 

viral vector is described and validated in the PFC in (Pitts et al 2018). Surgical and behavioral 

testing procedures were as described in the main text.  

Following euthanasia, the viral vectors were visualized by imaging the GFP tag or 

immunostaining for HA, as appropriate. Paraformaldehyde-fixed tissue was blocked with 2% 

normal goat serum and 1% BSA in 1X PBS + 0.4% triton X-100 and incubated in an anti-HA 

antibody (anti-rabbit, Sigma H6908, lot #05m4801v, 1:1000) overnight at 4⁰C. Sections were then 

washed in 1X PBS and incubated in an Alexa Fluor 488 goat anti-rabbit secondary antibody 

(Jackson ImmunoResearch 111-545-144, lot #121665, 1:500) for 1 hour at room temperature and 

were mounted and imaged. Viral vector spread was consistent with main text fig. 6b. In addition, 

some ventral spread along the corpus callosum was noted in some animals, but we have no evidence 

that this spread impacted our findings. Mice with infusions that were unintentionally rostral, 

infecting the OFC, were excluded. 
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Supplementary Table 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 3.1. Electrophysiological properties of ROCK2+/- pyramidal neurons 

in the vmPFC. No significant differences were identified in the baseline physiological 

characteristics of neurons infected with ROCK2 shRNA- or a scrambled control-expressing viral 

vector (Hazra et al 2012). Means + SEMs. All p values >0.05. 

  

 
Scramble ROCK2 shRNA 

n (cells) 49 52 

IH ratio 0.062±0.003 0.063±0.004 

IK(IR) ratio 2.21±0.08 2.18±0.06 

Tau (ms) 16.0±0.67 16.3±0.8 

Rin (MΩ) 120±6.6 128±10 

Spike   

Amplitudes (mV) 92.7±0.96 91.8±1.2 

Half Widths (ms) 1.47±0.021 1.48±0.03 

Rise Time 10-90% (ms) 0.38±0.007 0.39±0.01 

Decay Time 90-10% (ms) 1.57±0.03 1.63±0.04 

Threshold (mV) -42.2±0.37 -41.8±0.46 

ISI1 (ms) 10.8±0.69 11.54±1.09 

ISIN (ms) 63.9±2.6 62.0±2.1 

ISI1/ISIN 0.17±0.009  0.18±0.015 

fAHP (mV) -2.15±0.27 -2.16±0.25 
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Chapter 4: Early-life β1-integrin is necessary for reward-related 
motivation 
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4.1 Context, Author’s Contribution, and Acknowledgement of Reproduction  

The following chapter presents evidence that knockdown of Itgb1, the gene that encodes 

β1-integrin, in the mPFC specifically during adolescence impairs reward-related motivation while 

sparing other depression- and anxiety-related behaviors. The work presented here was 

conceptualized, organized and written by the dissertation author and Dr. Shannon Gourley. 

Experiments were conducted by the dissertation author and Meghan Wynne and were overseen by 

Dr. Shannon Gourley.  
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4.2 Abstract 

Integrins are heterodimeric cell adhesion receptors activated by extracellular matrix proteins. β1-

integrin regulates neuronal structure, including in the postnatal brain, and is localized to synapses. 

A genome-wide association study identified β1-integrin as a biomarker for antidepressant efficacy; 

however, the contribution of β1-integrin to depression-related behaviors has not been assessed. 

Here we genetically silenced β1-integrin in the medial prefrontal cortex (mPFC), a brain region 

implicated in depression and its recovery. We utilized several depression- and anxiety-related tasks 

in mice, including a test of reward-related motivation, since amotivation is a hallmark symptom of 

depression. Adolescent-onset, but not adult-onset, Itgb1 knockdown blunted responding for food 

reinforcers. Meanwhile, Itgb1 knockdown spared other depression- and anxiety-related behaviors 

including novelty suppressed feeding, marble burying, consumption of a palatable sucrose solution, 

and forced swimming. Thus, developmental β1-integrin in the mPFC appears to support reward-

related motivation.  
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4.3 Introduction 

Integrins are heterodimeric cell adhesion receptors activated by extracellular matrix 

proteins. They are comprised of an α subunit that determines ligand specificity and a β subunit that 

contains an intracellular tail that stimulates intracellular signaling cascades upon receptor activation 

(Harburger & Calderwood 2009). β1-integrin is expressed in the cortex and hippocampus where it 

facilitates synaptic transmission, synapse maturation and neuroplasticity (Chan et al 2006, Kramar 

et al 2006, Shi & Ethell 2006, Warren et al 2012).  

β1-integrin appears to regulate neuronal structure, including during adolescence. For 

example, cortical neurons cultured with lamina, an extracellular matrix protein that triggers β1-

integrin activation, promotes neurite elongation and branching (Moresco et al 2005). β1-integrin is 

also essential for dendritic spine motility of hippocampal neurons (Orlando et al 2012). In mice 

with forebrain-specific β1-integrin knockdown, hippocampal CA1 dendrites and synapses develop 

normally, but exhibit an immature phenotype by postnatal day (P) 42 (Warren et al 2012), a time 

point corresponding to mid-adolescence in mice (Spear 2000).  

During adolescence, dendritic spine and synapses within the prefrontal cortex (PFC) are 

pruned and remodeled, processes that are critical for neurodevelopment and that are conserved 

across species (Bourgeois et al 1994, Huttenlocher 1990, Rakic et al 1994, Shapiro et al 2017b). 

Abnormalities in the structural maturation of the PFC may be vulnerability factors for 

neuropsychiatric disease. For example, depressive symptoms in adolescents are associated with 

thicker ventromedial PFC volume (Ducharme et al 2014), suggestive of a failure in neuropil 

pruning. Another recent study reported that complement component 4a, a protein critical for 

synaptic pruning, is higher in schizophrenic patients than healthy individuals (Sekar et al 2016), 

providing a potential mechanism for progressive cortical thinning in schizophrenia (Cannon et al 

2015).  

A genome-wide association study identified Itgb1, encoding β1-integrin, as a predictor of 

antidepressant response (Fabbri et al 2015), so we hypothesized that β1-integrin may influence 



 99 
 

depressive-like behaviors. Further, we envisioned developmental windows during which Itgb1 

would be more influential than others. To test this possibility, we site-selectively reduced β1-

integrin in the medial PFC (mPFC), as dysfunction of this region is associated with depressive 

symptoms (Drevets et al 2008, Knowland & Lim 2018, Mayberg et al 1999). We utilized female 

mice, given the prevalence of depressive disorders in women (Accortt et al 2008, Schuch et al 

2014), and several depression- and anxiety-related tasks including an assay of reward-related 

motivation, since depression is characterized by a loss of motivation to perform even everyday 

tasks. Viral-mediated Itgb1 silencing starting in adolescence, but not adulthood, reduced reward-

related motivation and spared other behaviors tested. Together, these experiments suggest that 

mPFC β1-integrin has a developmentally-specific role in motivational processes. 
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4.4 Methods 

4.4.1 Subjects. Subjects were female transgenic Itbg1tm1Efu mice bred on a mixed strain background 

(C57BL/6J;129X1/SvJ) (Raghavan et al., 2000; Jackson Labs). These mice have loxP sites flanking 

exon 3 of Itgb1, the gene encoding β1-integrin, and Cre-recombinase (Cre) deletes this exon. All 

mice were maintained on a 12-hour light cycle (0700 on) and provided food and water ad libitum 

unless otherwise noted. Procedures were approved by the Emory University IACUC.  

 

4.4.2 Stereotaxic surgery. Adeno-associated viruses (AAV2/8) expressing mCherry±Cre (UNC 

Viral Vector Core) were infused into the mPFC at postnatal day (P) 19-21 or P59-61 to induce 

adolescent-onset and adult-onset Itgb1 knockdown, respectively. Mice were anesthetized with 

ketamine/dexdormitor, placed in a digitized stereotaxic frame (Stoelting), and the head shaved, 

scalp incised, skin retracted and head leveled. One small hole was drilled, and viral vectors were 

infused bilaterally at AP+1.7, ML +0.17, DV-2.8 over 5 minutes in a volume of 0.5 µl. Syringes 

were left in place for >5 minutes prior to removing and suturing. Mice were revived with antisedan 

and left undisturbed for ~21 days prior to behavioral experiments or euthanasia for immunoblotting.  

 

4.4.3 Immunoblotting. To quantify β1-integrin in gross mPFC tissue following site-selective Itgb1 

knockdown, mice were rapidly decapitated 21 days following surgery after brief anesthesia with 

isofluorane. Brains were frozen at -80 ºC and then sectioned using a chilled brain matrix into 1 mm 

slices. Tissue punches containing the mPFC were extracted using a 1 mm diameter tissue core. 

Tissues were homogenized in lysis buffer (200 µl: 137 mM NaCl, 20 mM tris-Hcl (pH=8), 1% 

igepal, 10% glycerol, 1:100 Phosphatase Inhibitor Cocktails 2 and 3 (Sigma), 1:1000 Protease 

Inhibitor Cocktail (Sigma)), and stored at -80ºC. Protein concentrations were determined using a 

Bradford colorimetric assay kit (Pierce).  
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15 ug of protein was separated by SDS-PAGE on 7.5% gradient tris-glycine gels (Bio-rad). 

Following transfer to PVDF membrane, blots were blocked with 5% nonfat milk for 1 hour. 

Membranes were subsequently incubated with primary antibodies: β1-integrin (rabbit, Cell 

Signaling, 4706, 1:200), anti-RhoGAP p190 (mouse, Millipore, 05378, 1:1000), anti-

phosphotyrosine (mouse, generously provided by A. Koleske, clone 4G10, 1:500). p190RhoGAP 

is the predominant phosphotyrosine-containing protein of 190 kD recognized by the 4G10 antibody 

in mouse brain tissue (Brouns et al 2001) so we used the phosphotyrosine antibody to detect 

phosphorylated p190RhoGAP.  

After exposure to primary antibodies, membranes were incubated in horseradish 

peroxidase secondary antibodies (anti-mouse, 1:10,000, Jackson ImmunoResarch, anti-rabbit, 

1:10,000, Vector Labs) for 1 hour. Immunoreactivity was assessed using a chemiluminescence 

substrate (Pierce) and measured using a ChemiDoc MP Imaging System (Bio-rad). Densitometry 

values were normalized to the corresponding loading control. Phosphorylated p190RhoGAP levels 

were normalize to total p190RhoGAP. All densitometry values were then normalized to the control 

sample mean from the same membrane in order to control for variance in fluorescence between 

gels. All immunoblots were replicated at least twice.  

 

4.4.4 Behavioral testing 

Instrumental response training. Mice tested in adulthood (P80 or older) were food restricted to 

~90% of their free-feeding body weight to motivate food-reinforced responding. Adolescent mice 

were given sufficient food to allow for typical weight gain according to Jackson Laboratories 

growth curves. Because of these different food restriction approaches, we caution against 

comparing response rates between adolescent and adult mice. Mice were trained to nose poke for 

food reinforcers (20 mg grain-based Bio-Serv Precision Pellets) in Med-Associates operant 

conditioning chambers equipped with two poke recesses and a food magazine. Responding on one 

recess was reinforced using a variable ratio 2 (VR2) schedule, meaning that pellets were delivered 
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after 1, 2 or 3 nose pokes, as randomly determined by the operating computer. Sessions were 25 

minutes long on training days 1-9 and 50 minutes long on days 10-16 to expedite response 

acquisition. All mice received 9-16 days of training.  

 

Progressive ratio task. Following training, mice were tested daily for 4 days using a progressive 

ratio schedule of reinforcement, in which the response requirement increased by 4 with each pellet 

delivery (i.e., 1,5,9, x+4). Sessions ended after 180 minutes or when mice did not respond for 5 

minutes. The dependent variables in this test were the break point ratios, defined as the highest 

number of responses mice were willing to complete to receive a pellet, total responses on the active 

aperture, and post-reinforcement pauses (PRPs), referring to the delay between pellet delivery and 

initiation of the subsequent trial.  

 

Novelty suppressed feeding. Additional mice were generated for further behavioral 

characterization. First, these mice were food restricted for approximately 6 hours prior to testing. 

Next, mice were placed individually in the corner of a large clean cage (18” X 9.5” X 8.5”) with a 

high-fat food pellet placed in the center in a brightly light room. The latency to approach the food, 

defined as nasal or oral contact, was recorded by a single blinded rater. 

 

Marble burying. The following day, mice were placed in a clean, large cage (15.5” x 13” x 7.5”) 

with 3 inches of bedding and 20 marbles arranged in a 5 x 4 grid under dim lighting. The number 

of marbles >50% buried was recorded at minutes 10, 15, 20 and 30.  

 

Sucrose consumption. Next, mice were individually housed and given ad libitum access to food 

for 24 hours. Water bottles containing 1% w/v sucrose solution were placed in the cage so mice 

could habituate to the novel solution before a 19-hour water deprivation period. Next, water bottles 

were returned to the cage for a one-hour consumption test (Shapiro et al 2017a). Water bottles were 
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weighed before and after the test and the difference is reported as a function of each individual 

animal’s body weight.  

 

Forced swim test. Forced swim tests were conducted by placing mice in a beaker filled to 10 cm 

with 25ºC water that was changed between animals. Six-minute sessions were videotaped under 

dim light, and time spent immobile in the last 4 minutes was scored (Porsolt et al 1977). Immobility 

was defined as only movements necessary to keep the head above water and was scored by a single 

blinded rater. 

Surgical procedures can interfere with performance in the forced swim test (Fan et al 2014). 

Thus, 2 swim tests were conducted, prior to and following the sucrose consumption test. Immobility 

during the second test was recorded, scored and reported.  

 

Locomotor monitoring. Mice were individually placed in a clean cage positioned within a 

customized locomotor monitoring frames equipped with 16 photobeams (Med-Associates). The 

total number of beam breaks was recorded during the 60-minute test.  

 

4.4.5 Histology. Mice were euthanized by rapid decapitation after brief exposure to isofluorane. 

Brains were extracted and fixed in 4% paraformaldehyde for 72 hours before being transferred to 

30% w/v sucrose solution. Brains were sectioned on a microtome held at -15°C into 50 µm sections 

before being mounted and coverslipped. The mCherry tag was visualized to confirm bilateral 

infection of the mPFC.  

 

4.4.6 Statistical analysis. Throughout, t-tests and one-or two-factor ANOVAs were performed 

using SigmaStat and Graphpad Prism to detect group differences in protein levels, break point 

ratios, number of responses, latency to approach novel food, marbles buried, sucrose consumption 

(% body weight) and time spent immobile. Repeated measures ANOVAs were used to compare 
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response rates during training, PRPs and locomotor activity. Tukey’s post-hoc tests were used in 

the case of significant interactions. Linear regressions were used to further evaluate the 

relationships between β1-integrin and phosphorylated p190RhoGAP. Throughout, values >2 

standard deviations from the mean were considered outliers and excluded.  
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4.5 Results 

 To selectively decrease β1-integrin levels, we infused AAVs expressing Cre and an 

mCherry fluorescent tag into mPFC of ‘floxed’ Itgb1 mice. The virus bilaterally infected the mPFC, 

including the cingulate cortex, medial orbital cortex, prelimbic cortex and infralimbic cortex (fig. 

4.1a). Mice with unilateral infusions were excluded. In separate mice, tissue punches (containing 

both infected and non-infected tissue) were collected from the mPFC 21 days after viral vector 

infusion to measure protein levels. Cre-expressing tissue contained 21% less β1-integrin relative to 

control tissue [t(9)=3.30, p=0.009] (fig. 4.1b). In neurons, a β1-integrin substrate is Arg kinase, 

which phosphorylates p190RhoGAP (Warren et al 2012). We found no gross differences in 

p190RhoGAP phosphorylation [t(9)=0.44, p=0.67] (fig. 4.1c), however further analysis revealed 

that β1-integrin levels were positively associated with levels of phosphorylated p190RhoGAP in 

knockdown mice [r2=0.70, p=0.04] (fig. 4.1d), suggesting that reducing β1-integrin expression 

impacts the activation of downstream signaling partners.  

 

4.5.1 β1-integrin in the mPFC is involved in reward-related motivation in adolescent mice. 

 We first tested the hypothesis that β1-integrin in the mPFC is involved in reward-related 

motivation. We infused AAVs into the mPFC at P21 to reduce Itgb1 during adolescence. 

Behavioral testing began ~21 days later, corresponding to mid-adolescence in the mouse (Spear 

2000), and allowing for sufficient reduction in protein (Ahmed et al 2004, Newman et al 2015).  

 Mice were first trained to nose poke in operant conditioning chambers for food reinforcers. 

Knockdown did not affect response acquisition [main effect of time F(9,162)=4.02, p=0.0001, no 

effect of virus F(1,18)=0.09, p=0.77, no interactions], and the final 2 sessions are shown (fig. 4.2a). 

To evaluate reward-related motivation, mice were then transitioned to a progressive ratio schedule 

of reinforcement, in which the number of responses required for each pellet progressively increases. 

The number of responses, as well as break points, were averaged across 4 days of testing. Itgb1 
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knockdown reduced break point ratios [t(17)=2.38, p=0.03] (fig. 4.2b) and overall response number 

[t(16)=2.41, p=0.028] (fig. 4.2c). These data suggest that β1-integrin is critical for reward-related 

motivation. 

 Next, we infused AAVs into the mPFC of adult mice (P60). As with adolescent mice, we 

found no effect of knockdown on response acquisition [main effect of time F(8,136)=10.86, p<0.0001, 

no effect of virus F(1,17)=1.10, p=0.31, no interactions], and the final 2 sessions are shown (fig. 

4.2d). Interestingly, Itgb1 knockdown had no effects on break point ratios [t(17)=0.70, p=0.49] (fig. 

4.2e) or total responses [t(16)=0.09, p=0.93] (fig. 4.2f). Together, these data suggest that β1-integrin 

has a developmentally-specific role in supporting reward-related motivation.  

 Break point ratios are sensitive to changes in reward value, in addition to reward-related 

motivation. PRPs, however, do not change with the value of a reward, but are sensitive to primary 

motivation, for example, decreasing when food restriction increases, because greater food 

restriction increases motivation to acquire food (Skjoldager et al 1993). Conversely, PRPs grow 

over the course of a progressive ratio test session as mice become sated and thus, less motivated to 

respond (Gourley et al 2016). We calculated the difference between first and last PRP here. Control 

mice took ~40 seconds longer to generate a new response after reward delivery at the end of the 

test session than at the beginning (fig. 4.3). Meanwhile, this difference lengthened considerably 

with task experience in the knockdown mice [interaction F(1,18)=5.67, p=0.029] (fig. 4.3), indicating 

delays in response initiation. This pattern suggests that Itgb1 knockdown reduced primary 

motivation for food reinforcement, an effect that worsened with repeated task experience.  

 

4.5.2 β1-integrin in the mPFC does not obviously affect other depression- and anxiety-related 

behavior.  

 In separate mice, we further characterized the effects of adolescent-onset Itgb1 knockdown 

on depression- and anxiety-related behaviors (fig. 4.4a). We found no effects of knockdown in the 
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novelty suppressed feeding test [t(19)=0.94, p=0.36] (fig. 4.4b) or the marble burying test 

[F(1,26)=0.79, p=0.38, no interactions] (fig. 4.4c), two assays of anxiety-like behavior. Knockdown 

did not affect sucrose consumption [t(18)=0.31, p=0.76] (fig. 4.4d), a measure of anhedonic-like 

behavior, or performance in the forced swim test [t(25)=1.21, p=0.24] (fig. 4.4e), a putative measure 

of behavioral despair. Lastly, Itgb1 knockdown did not impact locomotor activity [F(1,10)=1.05, 

p=0.33, no interactions] (fig. 4.4e). Together, these results suggest that β1-integrin knockdown in 

the mPFC impairs the motivational processes that may also be impacted in depression, without 

inducing anhedonia, behavioral despair or anxiety-like behaviors.  
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4.6 Discussion 

Depression impacts approximately 12% of adolescents, and of these individuals, almost 

40% are resistant to treatment (Center for Behavioral Health Statistics and Quality 2016, DeFilippis 

& Wagner 2014, Emslie et al 1997, March et al 2004). A genome-wide association study identified 

Itgb1, the gene encoding the cell adhesion factor β1-integrin, as a potential predictor of 

antidepressant response (Fabbri et al 2015); however, the role of β1-integrin in depressive disorders 

has not been determined. In the current study, we report that selective reduction of β1-integrin in 

the mPFC during adolescence impairs reward-related motivation while sparing other depression- 

and anxiety-related behaviors. Importantly, adult-onset Itgb1 does not interfere with motivational 

processes. This finding is significant because β1-integrin regulates neuronal structural plasticity in 

the postnatal brain, particularly during adolescence (Warren et al 2012). Our report indicates that 

in adolescence, β1-integrin is essential to sustaining reward-related motivation. 

Integrins are heterodimeric cell adhesion receptors activated by extracellular matrix 

proteins. They contain an α subunit that determines ligand specificity and a β subunit that triggers 

intracellular signaling upon activation (Harburger & Calderwood 2009). β1-integrin localizes to 

synapses where it influences synaptic transmission, synapse maturation and structural plasticity 

(Chan et al 2006, Kramar et al 2006, Pinkstaff et al 1998, Shi & Ethell 2006, Warren et al 2012). 

For example, the cytoplasmic tail of β1-integrin activates the nonreceptor tyrosine kinase, Arg 

kinase, which phosphorylates p190RhoGAP, which then forms a complex with p120RasGAP to 

ultimately inhibit the RhoA GTPase to modify the actin cytoskeleton, the structural lattice that 

forms the shape of cells (Sfakianos et al 2007, Warren et al 2012). Here, we infused Cre into the 

mPFC of Itgb1 ‘floxed’ mice, reducing gross β1-integrin protein by ~21%. Notably, β1-integrin 

protein levels correlated with phosphorylated p190RhoGAP, with mice with the least β1-integrin 

also displaying the lowest levels of phospho-p190RhoGAP. This finding is notable because: 1) it 

identifies functional consequences of Itgb1 knockdown on the β1-integrin-Arg-p190RhoGAP 
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signaling pathway outlined above, and 2) we collected gross tissue punches from the mPFC, 

containing both infected and non-infected tissue, because we aimed to quantify β1-integrin protein 

in the region as a whole. This approach by nature limits our ability to detect subtle effects, so our 

findings likely underestimate the blunting effects of Itgb1 knockdown on phospho-p190RhoGAP.  

 

4.6.1 Reducing β1-integrin in the mPFC during adolescence blunts reward-related motivation. 

Depression is a complex disease that cannot be fully recapitulated in mouse models, but it 

is possible to quantify some behaviors commonly reported in depression (Cryan & Holmes 2005). 

For example, amotivation is a hallmark symptom of depression, impeding the ability of individuals 

to accomplish even everyday tasks. Reward-related motivation can be measured in mice using the 

progressive ratio task, a test that requires mice to perform an increasing number of operant 

responses in order to receive food reinforcement (Hodos 1961). We find that mice with reduced 

β1-integrin expression generated lower break points, defined as the highest number of responses 

they were willing to make to receive food. Chronic exposure to the primary stress hormone, 

corticosterone, induces a depressive-like phenotype and similarly reduces break point ratios 

(Gourley et al 2012c, Gourley & Taylor 2009, Gourley et al 2008b). This amotivation-like behavior 

can be rescued by the tricyclic antidepressant, amitriptyline, or by infusion of brain-derived 

neurotrophic factor (BDNF) into the mPFC (Gourley et al 2012c, Gourley et al 2008b). Signaling 

of BDNF through its high-affinity receptor, tyrosine kinase receptor B (TrkB), facilitates 

neuroadaptive changes thought to contribute to the therapeutic-like effects of antidepressants 

(Bjorkholm & Monteggia 2016, Castren & Kojima 2017). A recent study reported that β1-integrin 

can transactivate TrkB, indicating that β1-integrin can stimulate canonical TrkB-mediated 

signaling cascades (Wang et al 2016). It is possible that Itgb1 knockdown impairs reward-related 

motivation, mimicking depressive symptoms, by limiting activation of neurotrophic signaling 
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pathways. Future studies should test this hypothesis and the ability of antidepressants or local 

BDNF infusion to rescue Itgb1 knockdown-induced motivational deficits.  

Itgb1-deficient adolescents generated longer PRPs that control mice. PRPs refer to the time 

between delivery of a pellet and the initiation of the next trial. PRPs do not change when the value 

of a reward changes, but they are sensitive to primary motivation, for example decreasing with 

greater food restriction as the motivation to acquire food increases (Skjoldager et al 1993). With 

repeated task experience, knockdown mice here required longer to initiate reward-seeking trials, 

indicating reduced motivation rather than a perceived loss of reinforcer value (Skjoldager et al 

1993). Why pausing became more exaggerated with repeated testing remains unclear and will be a 

topic of future investigations.  

 

4.6.2 Our model: mPFC-selective Itgb1 knockdown during adolescence may induce depressive-

like behavior by interfering with neuronal maturation. 

Adult-onset Itgb1 knockdown did not have any effect on break point ratios, indicating that 

β1-integrin has a particularly influential role in motivational processes specifically in adolescence. 

This outcome was not entirely surprising because previous studies have shown that β1-integrin-

mediated signaling is particularly influential in regulating neuronal morphology during adolescence 

(Gourley et al 2012b, Warren et al 2012). For example, hippocampal dendrites and synapses in 

mice with forebrain specific Itgb1 knockdown appear normal at P24, corresponding with pre-

adolescence in the mouse, but exhibit immature phenotypes by P42, which is considered mid-

adolescence (Spear 2000, Warren et al 2012). In mice lacking Arg kinase, a protein immediately 

downstream of β1-integrin, dendritic spine densities in both hippocampal CA1 and the prefrontal 

cortex are typical at P24 but decrease throughout adolescence into adulthood (Gourley et al 2012b). 

Given that β1-integrin-mediated signaling appears critical for maintaining dendrite 

structure and dendritic spine density during adolescent development, it is possible that Itgb1 
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knockdown influences reward-related motivation by interfering with neuronal maturation. Our lab 

recently discovered that inhibiting Rho-kinase during adolescence expedites neuronal remodeling, 

mimicking age-related pruning, and has antidepressant-like behavioral effects (Shapiro et al 2018, 

in prep). Activation of β1-integrin also inhibits Rho-kinase (Sfakianos et al 2007, Simpson et al 

2015, Warren et al 2012); thus, it is possible that Itgb1 knockdown in adolescence impedes neuronal 

remodeling to induce a depressive-like phenotype. Although it is important to note that depression-

like behavior is simply the inverse of antidepressant action. Neurons in the mPFC project to the 

nucleus accumbens where they provide top-down control of reward-seeking behaviors (Knowland 

& Lim 2018). Abnormal β1-integrin-mediated signaling in the mPFC may interfere with neuronal 

maturation and subsequently impair downstream projections that mediate reward circuity.  

It is also possible that the age-specific effects of Itgb1 knockdown are related to estrogen. 

Estradiol enhances synaptic transmission in hippocampal slices in a β1-integrin-depedent manner 

(Wang et al 2016). We think differences in estradiol are an unlikely contributor to our effect 

because estrogen levels in adolescent and adult cortical tissue are comparable (Konkle & McCarthy 

2011).  

 

4.6.3 Adolescent-onset Itgb1 knockdown spares other depressive- and anxiety-related 

behaviors.  

Itgb1 knockdown did not affect sucrose consumption, a measure of anhedonic-like 

behavior, marble burying or novelty suppressed feeding, measures of anxiety-like behavior, or 

forced swimming, a putative measure of depressive-like behavior. Several of the assays currently 

used to evaluate depressive-like behavior in rodents have been optimized for identifying the 

antidepressant properties of novel pharmacological compounds, and the bi-directional utility of 

these assays has been questioned. For example, the forced swim test has been used extensively as 

a rapid screen for novel antidepressant agents, emerging from the observation that drugs that have 



 112 
 

antidepressant properties in clinical populations decrease immobility time in the forced swim test. 

Whether increased immobility time represents a depressive-like response, however, is highly 

controversial (Commons et al 2017, Cryan & Holmes 2005, Cryan & Mombereau 2004, Robinson 

2018). Acknowledging these caveats, we conclude that the lack of effect of adolescent-onset Itgb1 

knockdown on these depression- and anxiety-related behaviors suggests that the neurobiology 

underlying these behaviors is distinct from those involved in reward-related behavior and β1-

integrin-mediated signaling.  

 

4.7 Conclusion  

We selectively silenced Itgb1, the gene encoding β1-integrin, in the mPFC during 

adolescence and adulthood. We report that adolescent-onset Itgb1 knockdown impairs reward-

related motivation while sparing other depression- and anxiety-related behaviors. Further, Itgb1 

knockdown during adulthood did not have any effects. These findings identify a developmentally-

specific influence of β1-integrin in motivational processes. 
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Figure 4.1. Itgb1 knockdown reduces β1-integrin protein levels, which correlate with 

phosphorylation of the Arg substrate p190RhoGAP. A. AAVs containing Cre-recombinase 

(Cre) were infused bilaterally into mPFC of ‘floxed’ Itgb1 mice. The largest viral vector spread is 

indicated in black and the smallest in white represented on coronal sections from the Mouse Brain 

Library (Rosen et al 2000). B. Cre reduced β1-integrin protein levels in mPFC tissue by 21%. C. 

In neurons, a β1-integrin substrate is Arg kinase, which phosphorylates p190RhoGAP. While Itgb1 

knockdown did not grossly alter p190RhoGAP phosphorylation, (D) β1-integrin levels positively 

correlated with phospho-p190RhoGAP in knockdown tissue, suggesting that reducing β1-integrin 

levels impacts signaling of its substrate Arg kinase. Mean + SEMs, n=5-6/group, *p<0.05. 

Abbreviations: CG: cingulate cortex, MO: medial orbital cortex, IL: infralimbic cortex, PL: 

prelimbic cortex.  
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Figure 4.2. mPFC-selective Itgb1 knockdown reduces progressive ratio responding in 

adolescent but not adult mice. A. Adolescent mice were trained to respond for food reinforcers 

in operant conditioning chambers. Itgb1 knockdown did not impact response acquisition, and the 

final two training sessions are shown. B. Nevertheless, Itgb1 knockdown reduced break point ratios 

and (C) total responses when mice were tested in a progressive ratio task. D. As in adolescent mice, 

Itgb1 knockdown had no effect on response training in adult mice. E. Unlike in adolescent mice, 

however, Itgb1 knockdown also had no impact on break point ratios or (F) total responses during 

progressive ratio testing. Means + SEMs, n=7-12/group, *p<0.05.  
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Figure 4.3. mPFC-selective Itgb1 knockdown increases post-reinforcement pausing in 

adolescent mice. The time between reinforcer delivery and initiation of the next trial – termed the 

post-reinforcement pause (PRP) – lengthens over the course of a progressive ratio test session as 

mice become sated and thus, slower to respond. The difference between the first and last PRP is 

represented here. Adolescent-onset Itgb1 knockdown lengthened the time between the first and last 

PRP over the course of testing, consistent with diminished reward-related motivation. By contrast, 

control mice generated consistent differences in PRPs over the course of testing. Means + SEMs, 

n=10/group, *p<0.05.  
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Figure 4.4. Adolescent-onset Itgb1 knockdown does not affect other depression- and anxiety-

related behaviors. A. Experimental timeline illustrating the order of behavioral tests. All tests 

were separated by 24 hours except for the forced swim test, which occurred 1 hour after the sucrose 

consumption test. B. Adolescent-onset Itgb1 knockdown did not affect the latency to approach food 

in the novelty suppressed feeding test or (C) marble burying, two measures used to detect anxiety-

like behavior. D. We also found no effects of knockdown on anhedonic-like behavior, as measured 

by sucrose consumption. E. Knockdown also did not affect performance in the forced swim test, a 

putative measure of depressive-like behavior and (F) did not impact locomotor activity. Means + 

SEMs, n=10-14/ following outlier exclusions, group except for locomotor testing in which case, 

n=5-7/group.  

  



 117 
 

 

 

 

 

 

 

 

 

 

Chapter 5: Corticosteroid-induced dendrite loss and behavioral 
deficiencies can be blocked by activation of Abl2/Arg kinase  
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5.1 Context, Author’s Contribution and Acknowledgment of Reproduction  

This chapter reports that exposure to the primary stress hormone, corticosterone (CORT), 

decreases Arg kinase and simplifies dendrite arbors of CA1 hippocampal neurons. Pharmacological 

stimulation of Arg kinase rescues CORT-induced behavioral and structural deficits. The research 

was conducted by the dissertation author and Dr. Mitch Omar. The data were analyzed, organized 

and written by the dissertation author, Dr. Mitch Omar, and Drs. Anthony Koleske and Shannon 

Gourley. The chapter is reproduced with minor edits from Shapiro LP*, Omar MH*, Koleske AJ 

and Gourley SL (2017) Corticosteroid-induced dendrite loss and behavioral deficits can be blocked 

by activation of Abl2/Arg kinase. Molecular and Cellular Neuroscience 85:226-234. *equal 

contribution 

 

  



 119 
 

5.2 Abstract 

Stressor exposure induces neuronal remodeling in specific brain regions. Given the persistence of 

stress-related illnesses, key next steps in determining the contributions of neural structure to mental 

health are to identify cell types that fail to recover from stressor exposure and to identify “trigger 

points” and molecular underpinnings of stress-related neural degeneration. We evaluated dendrite 

arbor structure on hippocampal CA1 pyramidal neurons before, during, and following prolonged 

exposure to one key mediator of the stress response – corticosterone (cortisol in humans). Basal 

dendrite arbors progressively simplified during a 3-week exposure period, and failed to recover 

when corticosterone was withdrawn. Corticosterone exposure decreased levels of the dendrite 

stabilization factor Abl2/Arg nonreceptor tyrosine kinase and phosphorylation of its substrates 

p190RhoGAP and cortactin within 11 days, suggesting that disruption of Arg-mediated signaling 

may trigger dendrite arbor atrophy and, potentially, behavioral abnormalities resulting from 

corticosterone exposure. To test this, we administered the novel, bioactive Arg kinase activator, 5-

(1,3-diaryl-1H-pyrazol-4-yl)hydantoin, 5-[3-(4-fluorophenyl)-1-phenyl-1H-pyrazol-4-yl]-2,4-

imidazolidinedione (DPH), in conjunction with corticosterone. We found that repeated treatment 

corrected CA1 arbor structure, otherwise simplified by corticosterone. DPH also corrected 

corticosterone-induced errors in a hippocampal-dependent reversal learning task and anhedonic-

like behavior. Thus, pharmacological compounds that target cytoskeletal regulators, rather than 

classical neurotransmitter systems, may interfere with stress-associated cognitive decline and 

mental health concerns.  
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5.3 Introduction 

Chronic stress can lead to alterations in neuron structure and function in several brain 

regions, including the hippocampus where stressor exposure induces dendrite atrophy in rodent 

models (McEwen et al 2016) . In humans, morphological, functional, and structural changes in the 

brain correlate with stress load, depressive episodes, and sensitivity to antidepressant treatment 

(Koolschijn et al 2009, Lorenzetti et al 2009, Sheline 2000, Sheline et al 2003). Further, stress-

induced structural changes can be cumulative (Seo et al 2014), and in rodents, neural remodeling – 

both atrophy and hypertrophy, depending on brain region – correlates with impairments in 

attentional function (Liston et al 2006), hippocampal-dependent learning and memory (Sousa et al 

2000), and depression-like behavior (Gourley et al 2013b). The complexity of the stress response, 

however, has made elucidating the mechanisms by which stressors remodel neurons difficult. 

Further, discrete cell types have different sensors and response mechanisms for stress-associated 

signals, highlighting the need to investigate cell type-specific effects.  

Assessing the impact of discrete components of the stress response may have utility in 

identifying stress-mediated mechanisms that modify neural structure. In rodents, exposure to 

elevated levels of the primary glucocorticoid, corticosterone (CORT, cortisol in humans), is 

sufficient to disrupt hippocampal dendrite structure at the level of dendritic spines, as well as the 

entire dendrite arbor (Conrad et al 2017, McEwen et al 2016). Mechanisms by which CORT 

disrupts dendrite arbors are not well understood, despite the central role dendrite shape, size, and 

branching pattern play in circuit formation and function. For instance, dendrites provide surface 

area to house dendritic spines, and they also inform the spatial specificity of synaptic connections 

and determine computational integration and summation of postsynaptic responses (Koleske 2013). 

Understanding how dendrite structure is impacted by CORT may be essential to understanding how 

stress impacts brain function.  

Landmark studies indicated that both stress and CORT cause atrophy of hippocampal CA3 

apical dendrite arbors, and arbor structure rebounds when CORT levels normalize (reviewed 
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ref.(Conrad et al 2017)). By contrast, in hippocampal CA1, CORT-induced basal dendrite atrophy 

does not recover following a 7-day CORT washout period (Gourley et al 2013b). Hippocampal 

CA1 neurons integrate inputs from CA3 and the entorhinal cortex to coordinate hippocampal-

dependent decision making (Kelemen & Fenton 2016). Identifying intracellular mechanisms that 

contribute to stressor-related vulnerabilities may thus shed light onto the mechanisms by which 

stress and CORT lead to behavioral consequences that also persist beyond the period of exposure. 

Previous work from our group has identified an integrin-Abl2/Arg kinase-p190RhoGAP 

cascade that attenuates RhoA-ROCK signaling to stabilize hippocampal CA1 dendrite arbors 

(Kerrisk et al 2013, Koleske 2013, Lin et al 2013, Moresco et al 2005, Sfakianos et al 2007, Warren 

et al 2012). The current study provides evidence that CORT exposure disrupts this dendrite 

stabilization pathway. More specifically, we find that elevated CORT reduces levels of Arg, as well 

as phosphorylation of Arg substrates p190RhoGAP and cortactin, in the hippocampus. Consistent 

with this pattern, phosphorylation of the RhoA-ROCK signaling target cofilin is also increased. 

These changes coincide with reductions in dendrite arbor complexity in hippocampal CA1 and 

occur at a point when the levels and activities of other cytoskeletal regulatory elements are intact. 

Finally, we show that the novel small molecule Arg activator, DPH, blocks CORT-induced CA1 

dendrite atrophy and rescues depression-like behavior and deficiencies in hippocampal-dependent 

decision making. Together, these findings suggest that pharmacotherapies that target dendrite-

stabilizing cytoskeletal regulatory mechanisms may impede stress-associated cognitive decline and 

mental health concerns.  
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5.4 Materials and Methods 

5.4.1 Subjects. Subjects were wild type C57BL/6 mice bred in-house from Jackson Labs stock. 

Experiments were initiated between postnatal day (P) 31-49, a timeline consistent with our previous 

investigation of hippocampal CA1 dendritic arbors (Gourley et al 2013b). Female and male mice 

were used for immunoblotting, immunoprecipitation, and behavioral studies. Anatomical studies 

were conducted using males. Studies were approved by the Emory and Yale IACUCs, as 

appropriate. 

 

5.4.2 CORT exposure. 4-pregnen-11β-21-DIOL-3-20-DIONE-21-hemisuccinate (CORT; 

Steraloids) was dissolved in water (25 μg/ml free-base, ~4.9 mg/kg/day) (Gourley et al 2008a, 

Gourley et al 2013b). Mice were euthanized following 4, 10-11, or 20-22 days of exposure (the 

latter time points referred to as 11-day and 21-day, respectively). Additional groups were exposed 

to CORT for 21 days, then euthanized following a 7- or 20-22-day washout period (referred to as 

+7 day washout and +21 day washout, respectively) Timelines are provided in the figures. 

Mice in behavioral experiments were exposed to CORT for 21 days, then regular water 

replaced the CORT solution, and behavioral testing commenced. 

 

5.4.3 Gland harvesting. Adrenal and thymus glands were extracted post-mortem following 11 

days of CORT by midline dissection and weighed in pairs.  

 

5.4.4 Biocytin injection of hippocampal neurons. Mice were deeply anaesthetized with 

pentobarbital. As previously described (Sfakianos et al 2007), hippocampal slices (400 µm) were 

prepared and maintained in a standard interface chamber at 31°C. Individual CA1 pyramidal 

neurons were injected with 4% biocytin solution in 2 M potassium acetate solution, pH 7.5. 

Neurons were injected with 200 ms current injections of 4 nA at 2 Hz for 20 min. Only neurons 

that maintained a membrane potential and fired action potentials during this entire period were 
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analyzed. Sections containing injected neurons were fixed in 4% paraformaldehyde overnight, 

cryoprotected in 30% sucrose, then re-sectioned at 40 µm, and visualized using standard avidin-

horseradish peroxidase (HRP) staining (Vectastain Elite ABC; Vector Laboratories). Approximate 

ranges of injection were 3.7 – 4.0 mm lateral, -2.5 – -4.5 mm ventral, and -3.3 – -3.5 mm caudal of 

bregma. 

 

5.4.5 Morphometric analysis of dendrites. Serial sections containing dye-filled neurons were 

traced sequentially starting at the cell body and moving in the + and - directions under 100X 

magnification using a light microscope outfitted with a Z drive. Cells were then reconstructed using 

Neurolucida software (MicroBrightField). As is standard practice, sections were apposed using 

landmarks and were aligned at high magnification by joining interrupted primary and secondary 

branches based on position, orientation, and dendrite thickness as well as other local tissue markers. 

Z-stack series of individual biocytin-labeled neurons were considered complete only when clean 

dendrite-free sections were detectable on the far +Z and –Z margins. Sholl analysis, total dendrite 

length, and branch point number were determined using NeuroExplorer (MicroBrightField). 

Neurons were traced by an experimenter blind to group. A maximum of 5 neurons were sampled 

from each animal. Outliers were identified as values greater than 1.5 times the interquartile distance 

either below the first or above the third quartile and excluded.  

 

5.4.6 Immunoblotting. Mice were euthanized by rapid decapitation at the time points indicated, 

and brains were extracted and frozen at -80ºC. Brains were sectioned into 1 mm coronal sections 

using a chilled brain matrix. Tissue punches (1 mm diameter) were aimed at the dorsal-intermediate 

hippocampus, where CA1-rich samples could easily be collected, and ventral hippocampus, where 

CA3-rich samples could readily be collected. Tissues were homogenized by sonication in lysis 

buffer [200 µl: 137 mM NaCl, 20 mM tris-Hcl (pH=8), 1% NP-40, 10% glycerol, 1:100 
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Phosphatase Inhibitor Cocktails 2 and 3, 1:1000 Protease Inhibitor Cocktail (Sigma)], and stored 

at -80ºC. Protein concentrations were determined using a Bradford colorimetric assay (Pierce).  

Equal amounts of protein (15 μg) were separated by SDS-PAGE on 7.5% gradient Tris-

glycine gels (Bio-rad). Following PVDF membrane transfer, blots were blocked with 5% nonfat 

milk for 1 hour. Membranes were incubated with primary antibodies (see table S5.1) at 4ºC 

overnight and then incubated in horseradish peroxidase secondary antibodies for 1 hour. 

Immunoreactivity was assessed using a chemiluminescence substrate (Pierce) and measured using 

a ChemiDoc MP Imaging System (Bio-rad). Densitometry values were individually normalized to 

the corresponding loading control, which did not change as a function of CORT exposure, and then 

normalized to the control sample mean from the same membrane in order to control for 

fluorescence variance between gels. Phospho-protein levels were normalized to the corresponding 

total protein levels. 

 

5.4.7 Immunoprecipitation. Tissue homogenization and immunoprecipitation were performed in 

ice-cold lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 2.5% CHAPS with 

protease and phosphatase inhibitors) as described previously (Hernandez et al 2004). Briefly, 

hippocampi were dissected in ice-cold PBS, homogenized and sonicated, and spun to remove 

debris, followed by removal of detergent using BioBeads (Bio-Rad) overnight at 4°C with gentle 

mixing. Protein extract was standardized to 1 mg/ml and precleared at 4°C for 20 min with protein 

A/G agarose resin (Pierce). Supernatants were then rotated with anti-p190RhoGAP (clone D2D6; 

Millipore) at 4°C overnight, and immune complexes were bound to protein A/G agarose resin at 

4°C for 1 hour with gentle rotation. After centrifugation, supernatant was kept for depletion 

analysis. Resin was washed three times with 1 ml of lysis buffer and re-suspended in 30 µl of 1x 

LSB. Samples were boiled for 10 min and separated via SDS-PAGE before transfer to 

nitrocellulose for immune-detection. Equal volumes of input and supernatant were loaded and 

verified by total protein staining. 
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5.4.8 DPH treatment in vivo. DPH (Sigma and MedChemExpress) was suspended in 17% DMSO 

and PBS and administered at 30 mg/kg, i.p., 1 ml/100 g. In the case of acute DPH treatment, mice 

were given a single administration of DPH and euthanized 4 hours later for immunoblotting 

experiments. In the case of repeated administration, DPH was delivered daily starting on day 11 of 

the CORT exposure period, corresponding to the time point when dendrite atrophy first became 

detectable in our anatomical studies. DPH treatment then continued throughout the remainder of 

the CORT exposure period. During this time, DPH was prepared fresh every 3 days. Then, 

behavioral testing commenced, or mice were euthanized for cellular morphology studies, with 

euthanasia occurring 16-20 hours following the final injection.  

 

5.4.9 Behavioral testing. 

Instrumental reversal task. Mice were trained to nose poke for 20 mg grain-based food reinforcers 

(Bio-Serv) using standard illuminated Med-Associates conditioning chambers equipped with 2 

nose poke recesses located on opposite sides of one wall. Mice were reinforced for responding on 

one nose poke recess according to a variable ratio 2 schedule of reinforcement. Responding on the 

remaining recess was non-reinforced. Mice were trained once/day for 7-9 days (i.e., 7-9 training 

sessions for each mouse) until they clearly distinguished between the reinforced and non-reinforced 

responses. Sessions were 25 min long. Response rates generated during the final 7 sessions for all 

mice were compared between groups and are shown.  

Next, a 25 min hippocampal-dependent reversal test was conducted (Gourley et al 2010). 

Mice were reinforced for responding on the aperture located on the opposite side of the chamber, 

whereas the previously-reinforced response no longer generated food. Persisting in generating the 

non-reinforced response is considered erroneous, and erroneous response rates were compared 

between groups. The percentage of total responses that were correct was also compared between 

groups.  
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Sucrose consumption and locomotor activity. Next, female mice were given ad libitum access to 

food and water and housed individually with bedding and nesting materials for 24 hours. Water 

was then removed 19 hours prior to test, when mice were given access to a water bottle containing 

1% w/v sucrose (Gourley et al 2008a). Bottles were weighed before and after the 1-hour test, and 

the difference in weight was normalized to each animal’s body weight. Upon analysis, 3 values >2 

standard deviations above the mean were identified – likely due to fluid spillage – and excluded. 

 During this time, cages were positioned in customized locomotor monitoring frames (Med-

Associates) equipped with 16 photobeams. Total beam breaks were collected over the 24-hour 

period and compared between groups. Ambulatory counts (>2 sequential photobeams) and 

stereotypy-like counts (repetitive breaking of the same beam, as during grooming) were also 

extracted. Estrous status was assessed on the sucrose consumption test day in accordance with 

(Byers et al 2012). 

 

5.4.10 Statistics. Neuron morphometric measures, densitometry values, nose poke response 

metrics, sucrose consumption values, and locomotor scores were compared by analysis of variance 

(ANOVA) with repeated measures when appropriate. Sucrose consumption was also analyzed by 

ANOVA as a function of animals’ estrous phases. In case of interactions or main effects between 

>2 groups, Tukey’s post-hoc comparisons were applied. 
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5.5 Results 

5.5.1 CORT simplifies hippocampal CA1 dendrites   

We first aimed to identify the time point when CORT-induced atrophy of hippocampal 

CA1 dendrite arbors first became detectable. To this end, mice were exposed to CORT and 

euthanized following 11 or 21 days of exposure. To test for persistence of anatomical deficits, if 

any, additional groups were exposed to CORT for 21 days, followed by a 7- or 21-day washout 

period prior to euthanasia (timeline in fig. 5.1a).  

Analysis of complete dendrite reconstructions (fig. 5.1b) revealed that CORT progressively 

induced degeneration of basal dendrite arbors. Specifically, we detected significant losses in branch 

intersections 125-175 μm from the soma following 11 days of CORT exposure [interaction 

F(4,105)=2.8,p=0.03](fig. 5.1c). We additionally confirmed that adrenal and thymus glands were 

atrophied, as would be expected with exogenous CORT exposure (fig. S5.1). 

With 21 days of exposure, we found similar reductions in dendrite branching within 125-

175 μm from the soma, and that these defects had extended proximally, to 100 μm from the soma, 

with trends for reductions also detected at 50-75 μm from the soma (fig. 5.1c). By contrast, CORT 

did not affect apical dendrite intersections [interaction F(4,95)=1.1,p=0.35](fig. 5.1d). Thus, 11 days 

of CORT exposure is sufficient to trigger basal dendrite retraction in hippocampal CA1. This basal 

dendrite atrophy worsens with longer CORT exposure, and it fails to recover when CORT is 

removed (fig. 5.1c). 

Paralleling these findings, total basal, but not apical, dendrite length was reduced by 21 

days of CORT exposure, and failed to recover [basal F(4,106)=3.1,p=0.02; apical 

F(4,99)=1.5,p=0.2](fig. 5.1e,f). Basal dendrite branch points also decreased following 21 days of 

CORT, and did not recover [F(4,106)=2.5,p<0.05](fig. 5.1g). By contrast, apical branch points 

increased following 11 days of CORT exposure and at the latest washout period tested 

[F(4,99)=3.2,p=0.02](fig. 5.1h). Thus, 11 days of CORT exposure triggers modifications in CA1 

basal dendrite arbor structure. Dendrite simplification worsens with further exposure such that 



 128 
 

deficiencies in overall length and branching become detectable, and they fail to recover within 21 

days.  

Based on these findings, we measured the levels and activities of a panel of cytoskeletal 

regulatory factors following 11 days of CORT. An additional group was euthanized 1 week earlier, 

following 4 days of CORT (fig. 5.2a). In samples that would be expected to primarily contain 

hippocampal CA1 tissue, 11 days of CORT exposure reduced Arg levels by 28% 

[F(2,21)=6.27,p=0.007](fig. 5.2b)(table S5.2 also summarizes all effects.). Consistent with this 

finding, phosphorylation of the Arg binding partner and substrate cortactin was also reduced 

[F(2,16)=3.55,p=0.05](fig. 5.2c,d), whereas total cortactin levels were unchanged [F<1](fig. 5.2c). 

Cofilin phosphorylation was increased [F(2,21)=3.86,p=0.04](fig. 5.2e,f), and total coflin levels were 

reduced [F(2,21)=4.93,p=0.02](fig. 5.2e). As phosphorylation inactivates cofilin, these effects would 

be associated with greatly diminished cofilin activity. We also measured AMPA GluR1, as CORT 

has previously been shown to regulate hippocampal GluR1 levels (Kvarta et al 2015). GluR1 was 

diminished with 4 days of CORT exposure as expected [F(2,19)=4,p=0.04](fig. 5.2g) and consistent 

with previous findings indicating that GluR1 levels also decrease with repeated stressor exposure 

(Schmidt et al 2010). Unlike the cytoskeletal regulators tested, however, GluR1 levels normalized 

with 11 days of exposure. 

Our finding that the structure of hippocampal CA1 basal dendrites fails to recover despite 

removal of CORT differs from reports on dentate granule and CA3 dendrite arbors, which recover 

following CORT or stressor exposure (Hoffman et al 2011, Maiti et al 2008, Sousa et al 2000, Vyas 

et al 2004). Accordingly, we find that tissue extracts enriched for hippocampal CA3 were largely 

spared changes in cytoskeletal regulators (table S5.2). Levels of the key cytoskeletal factor LIM 

kinase 2 were, however, rapidly elevated by CORT (within 4 days; table S5.2); this may contribute 

to the exquisite reactivity of hippocampal CA3 neurons to stressor exposure (Tata & Anderson 

2010).  
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5.5.2 An Arg kinase activator induces p190RhoGAP phosphorylation  

p190RhoGAP-A (p190RhoGAP) is a major substrate of Arg in the postnatal mouse brain 

(Hernandez et al 2004) and is the predominant phosphotyrosine-containing protein of 190 kDa 

detected by the 4G10 antibody in mouse brain extract (Brouns et al 2001, Hernandez et al 2004). 

We first verified that the tyrosine-phosphorylated protein of 190 kDa in mouse hippocampal lysate 

was immunoprecipitated with anti-p190RhoGAP antibodies (fig. 5.3a), as in whole-brain 

homogenates. We then used anti-phosphotyrosine immunoblotting with 4G10 to measure phospho-

p190RhoGAP levels following CORT exposure.  

For measurements of protein levels following CORT, we exposed mice to CORT starting 

at P31, then euthanized mice after 4 or 11 days, at P35 or P42 (fig. 5.3b). In contrast to all other 

proteins, whose levels or activity were not altered by age, we found that phospho-p190RhoGAP 

increased as a function of age from P35 to P42 in hippocampal tissue (fig. 5.3c). Importantly, CORT 

blocked this age-dependent elevation, decreasing levels by 11 days of exposure [interaction 

F(1,23)=4.2,p=0.05](fig. 5.3c), consistent with reduced Arg levels at the same time point (fig. 5.2).  

We next measured phospho-p190RhoGAP to verify the efficacy of the novel small 

molecule activator of Arg, DPH. Systemic injection of 30 mg/kg increased p190RhoGAP 

phosphorylation 4 hours following injection (t8=3.4,p=0.008)(fig. 5.3d).  

 

5.5.3 DPH recovers dendrite arbor structure 

Given that CORT exposure simplifies basal dendrites and reduces Arg and phospho-

p190RhoGAP levels, we tested whether stimulating Arg with DPH could prevent CORT-induced 

dendrite arbor atrophy. Mice were exposed to CORT and treated with DPH beginning at day 11 of 

CORT exposure when dendrite atrophy was first detectable (again, fig. 5.1C,)(fig. 5.4a). Then, 

dendrites were imaged and reconstructed at 21 days of CORT exposure (fig. 5.4b). CORT 

decreased basal arbor length as expected, and DPH fully blocked this effect [F(2,47)=6,p=0.005](fig. 

5.4c). Apical arbor length did not differ between groups [F<1](fig. 5.4c). Sholl analyses of the basal 
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arbors revealed interactions between distance and group [F(26,658)=1.97,p=0.003]. Post-hoc 

comparisons indicated that CORT simplified basal dendrite arbors, while DPH corrected these 

deficiencies (fig. 5.4d). 

 

5.5.4 DPH confers behavioral resilience to CORT  

 We next tested whether DPH could block behavioral and structural deficits induced by 

CORT. While exposing mice to CORT, we began treating mice with DPH starting on day 11, 

corresponding to the onset of basal dendrite simplification (again, fig. 5.1c)(fig. 5.5a). At 21 days, 

CORT exposure and DPH treatment were discontinued, and mice were tested in a hippocampal-

dependent instrumental reversal task. First, mice were trained to nose poke for food reinforcers in 

operant conditioning chambers, with one of two nose poke responses reinforced. Then, mice were 

required to “reverse” their response to the opposite side of the chamber to continue to receive 

reinforcement (fig. 5.5b). The ability to reverse the initially trained response was measured.  

In initial training, CORT- and DPH-exposed mice clearly differentiated between the active 

and inactive response apertures, with increased response rates on the active aperture [effect of 

response F(1,22)=147,p<0.001], and no effects of CORT or DPH [interactions p>0.13](fig. 5.5c). 

Upon reversal, however, CORT-exposed mice generated more errors and had difficulty performing 

the spatial reversal (fig. 5.5d). DPH reduced these errors [interaction F(1,21)=5,p=0.04](fig. 5.5d) 

and increased response accuracy overall (% responses that were reinforced) [main effect 

F(1,20)=5.6,p=0.03](fig. 5.5e). Thus, DPH corrects CORT-induced deficits in hippocampal-

dependent learning and memory. 

Prolonged exposure to CORT can cause depression-like behaviors (e.g., (Gourley et al 

2008a, Gourley et al 2013b)), so we tested female cohorts further using a sucrose consumption test, 

a classical assay of anhedonic-like behavior in rodents. Prior low-dose CORT decreased sucrose 

consumption in females, an anhedonic-like consequence (see also (Mekiri et al 2017)). Meanwhile, 

DPH increased consumption, an antidepressant-like effect [interaction F(1,25)=10.6,p=0.003](fig. 
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5.5f). There were no differences in general liquid intake (not shown). Also, sucrose consumption 

patterns could not be attributable to estrous phase at test [phase F(3,25)=0.39,p=0.76](fig. 5.5g), in 

agreement with a recent report using other estrous assessment approaches (Mekiri et al 2017). 

In the 24 hours preceding sucrose consumption testing, locomotor activity counts were 

collected and found to be elevated in the DPH-alone group [interaction F(1,28)=5.3,p=0.03], but 

activity in DPH+CORT and CORT-alone mice did not differ from control, suggesting that the 

DPH-mediated recovery of sucrose consumption in CORT-exposed mice could not be attributable 

to locomotor activity changes (fig. 5.5h). We also analyzed locomotor counts that could be 

specifically attributed to repetitive stereotypy-like behavior vs. ambulatory behavior. While an 

interaction effect was detected for stereotypy-like counts, post-hoc comparisons were non-

significant [F(1,28)=6,p=0.02](fig. 5.5h). Ambulatory counts did not differ [F(1,28)=2.2,p=0.15](fig. 

5.5h).  
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5.6 Discussion 

Stress hormones regulate dendrite morphology in distinct brain regions, including the 

hippocampus. Landmark investigations identified dendrite atrophy following chronic stressor or 

CORT exposure (Sousa et al 2000, Woolley et al 1990), but the key signaling targets of stressor 

exposure were not identified. Here, we aimed to identify changes in the levels or activities of 

cytoskeletal regulatory factors at, or preceding, a “trigger point” when CORT-related arbor change 

became detectable. With 11 days of CORT exposure, we found that the basal arbors of hippocampal 

CA1 neurons had begun to simplify, and this effect was worsened with additional exposure, such 

that gross changes in arbor length and branch points became detectable. We thus focused on 

identifying biochemical events occurring at, and preceding, the 11-day time point. Our 

investigation revealed down-regulation of the Arg nonreceptor tyrosine kinase, a key regulator of 

cytoskeletal structure. Stimulating Arg kinase with the activator DPH protected hippocampal CA1 

arbor structure in CORT-exposed mice. DPH also corrected CORT-induced deficits in a 

hippocampal-dependent learning and memory test and also anhedonic-like behavior, protecting 

against the durable effects of chronic CORT. These findings provide the first evidence, to our 

knowledge, that this compound impacts behavior. 

 

5.6.1 Stress-related structural reorganization of hippocampal neurons 

Hippocampal CA3 neurons are highly sensitive to stressor exposure (27). CA1 neurons are 

poorly characterized by comparison, regarded as more resilient than their CA3 counterparts (10). 

This perspective is based at least in part on investigations using large bolus CORT doses (33-40 

mg/kg) that occlude normal circadian CORT cycling (Morales-Medina et al 2009, Sousa et al 2000, 

Woolley et al 1990). By contrast, the oral CORT exposure procedure utilized here mimics CORT 

secretion during restraint stress and leaves diurnal cycling intact, with CORT levels during the 

inactive, daytime cycle that do not differ from control, and levels that are elevated >4-fold during 

the active night cycle (Gourley et al 2008a). As in prior investigations, we find that chronic (3 
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weeks) oral CORT exposure results in dendrite simplification on basal CA1 arbors but not apical 

CA1 arbors (Gourley et al 2013b, Morales-Medina et al 2009)(fig. 5.1). Interestingly, 3 weeks of 

CORT exposure also reduces dendritic spine density on basal CA1 arbors, but dendritic spine 

density normalizes after a 7-day washout period while basal arbors do not recover (Gourley et al 

2013b). It is possible that dendritic spine loss following CORT – although recoverable – triggers 

persistent basal arbor simplification. Glucocorticoid receptors aggregate on dendritic spines in CA1 

(Jafari et al 2012). Further, chronic stressor exposure potentiates amygdalar output and increases 

dendritic spine density and length in the basal nuclei (Correll et al 2005, Padival et al 2013), 

relevant because amygdala-CA1 coupling increases, while CA3-CA1 coupling decreases, with 

stressor exposure, all effects that persists beyond the stressor exposure period (Ghosh et al 2013). 

Additional experiments are needed to uncover mechanisms driving persistent dendrite 

simplification. 

Here, we capitalized on our finding that hippocampal dendrites began to atrophy with 11 

days of CORT exposure to identify possible dendrite stability regulators that were impacted by 

CORT. Immunoblotting revealed that Arg levels decreased during this time frame, and CORT also 

reduced phosphorylation of its substrate p190RhoGAP. Arg mediates the stability of dendrites and 

dendritic spines (Moresco et al 2005, Sfakianos et al 2007). In particular, it phosphorylates and 

activates p190RhoGAP in the postnatal brain to keep RhoA GTPase activity low (Hernandez et al 

2004). A failure to activate p190RhoGAP-mediated RhoA attenuation, for example in Arg-

deficient (arg-/-) mice, reduces neuronal dendrites (Hernandez et al 2004, Sfakianos et al 2007). 

Supporting the perspective that CORT-induced reduction of Arg and phospho-p190RhoGAP 

triggers structural change, we find that pharmacological stimulation of Arg and p190RhoGAP (with 

the novel Arg activator DPH) blocks dendrite atrophy, suggesting that enriching Arg-

p190RhoGAP-mediated RhoA silencing combats stress-related dendrite degeneration. These 

findings complement new evidence that corticosterone and corticotropin-releasing factor 

synergistically act on RhoA within dendritic spines to destabilize their structure (Chen et al 2016). 
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In the course of these experiments, we discovered that phospho-p190RhoGAP levels 

increased nearly 2-fold in the hippocampus in healthy mice between P35-P42, a period when Arg 

knockout mice develop significant hippocampal CA1 dendrite arbor loss (Sfakianos et al 2007). It 

is possible that failures in this developmentally-appropriate surge in p190RhoGAP phosphorylation 

could contribute to the timing of dendrite loss in Arg-deficient mutant mice. 

Reductions in phospho-p190RhoGAP, as following CORT exposure, are associated with 

increased RhoA activity (Hernandez et al 2004, Kerrisk et al 2013, Sfakianos et al 2007, Warren et 

al 2012). Accordingly, we found that phosphorylation of cofilin, a major downstream target of 

RhoA-ROCK signaling, is also increased following CORT. Because cofilin phosphorylation 

inactivates the protein, this profile is associated with less cofilin activity. Interestingly, disruption 

of cofilin function by phosphorylation is associated with increased dendritic spine size or stability 

(Shi et al 2009), while CORT instead eliminates dendritic spines in hippocampal CA1 (Gourley et 

al 2013b, Morales-Medina et al 2009). It could be that the observed inhibition of cofilin activity is 

insufficient to protect against CORT-induced dendritic spine loss. An additional consideration, 

however, is that our tissue dissections contain multiple cell types and both apical and basal dendritic 

trees. Future investigations could aim for greater specificity in understanding cell type- or cell 

subregion-specific alterations in cofilin activity.  

We also identified reduced phosphorylation of the Arg substrate cortactin, an actin-binding 

protein that stimulates the Arp2/3 complex to nucleate actin filament branches (e.g.,(Boyle et al 

2007, Courtemanche et al 2015)). Arg also promotes cortactin binding to actin, and the two proteins 

cooperate to stabilize actin filament branches (Courtemanche et al 2015, MacGrath & Koleske 

2012). Disruption of Arg function reduces cortactin localization to dendritic spines in hippocampal 

neurons, leading to reduced spine actin and net spine destabilization (Lin et al 2013). Taken 

together, it may be that CORT-induced reductions in cortactin activity contribute to the reduction 

of dendritic spines in hippocampal CA1 upon CORT exposure (Gourley et al 2013b, Morales-

Medina et al 2009).  
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CORT and stressor exposure decrease levels of the AMPA receptor subunit GluR1 in the 

hippocampus, and this effect can be blocked by metyropone, a CORT synthesis inhibitor (Kvarta 

et al 2015, Schmidt et al 2010). We replicated this decline in GluR1 in hippocampal extracts, 

showing that CORT decreased levels within 4 days of exposure. Interestingly, levels recovered by 

11 days of CORT exposure, when dendrite structure deficiencies first emerged. While CORT-

induced degradation of GluR1-mediated neuroplasticity could conceivably be part of a neuronal 

sequela that ultimately triggers dendrite regression, additional studies specifically testing this 

hypothesis would be necessary, given this temporal discord. 

 

5.6.2 The Arg stimulator DPH yields behavioral resistance to CORT 

Given our finding that CORT exposure decreases Arg kinase levels in the hippocampus, 

coinciding with dendrite atrophy, we hypothesized that stimulating Arg could prevent CORT-

related behavioral impairments. Using systemic administration of the Arg activator DPH at a dose 

that stimulated phosphorylation of the Arg substrate p190RhoGAP in the hippocampus, we found 

that DPH indeed blocked CORT-induced decision-making deficits otherwise characteristic of 

hippocampal damage in male mice. Thus, DPH blocked CORT-induced hippocampal-dependent 

learning and memory impairments. We also tested sucrose consumption in CORT-exposed female 

mice. As in CORT-exposed males (Gourley et al 2008a, Gourley et al 2013b), CORT exposed 

females consumed less sucrose, which is thought to model anhedonia in humans (see also (Mekiri 

et al 2017)). A key next step in these experiments is to determine whether DPH corrects anhedonic-

like behavior or decision-making abnormalities following stressor exposure.  

Together, our findings suggest that effective therapeutic strategies for stress-related 

illnesses could include agents that directly target regulators of actin polymerization or turnover, or 

those that act indirectly — for example, ketamine, an NMDA receptor antagonist, has rapid 

antidepressant-like properties that are associated with dendritic spine proliferation in deep-layer 

prefrontal cortex (Li et al 2010b). Recent investigations indicate that behavioral benefits are likely 



 136 
 

attributable to actions on apical, but not basal, branches (Liu et al 2015). Meanwhile, the 

degeneration of basal, but not apical, hippocampal CA1 arbors coincides with depression-like 

behavior ((Gourley et al 2013b); fig. 5.5). Further elucidation of the specific cell types and cell 

subregions that contribute to stressor-related disease, recovery, and resilience may shed light onto 

the mechanisms by which certain treatment approaches are effective, while others fail, and may 

also illuminate new strategies to combat illness.  
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Figure 5.1. Basal hippocampal CA1 dendrites progressively regress with repeated CORT 

exposure. (a) Experimental timeline indicating CORT exposure and sample collection time points. 

(b) Camera lucida renderings of representative neurons. (c) Prolonged CORT exposure induced 

durable dendrite arbor regression, with atrophy on distal branches emerging as early as 11 days of 

exposure, then progressing to more proximal branches with more prolonged exposure. Inset: 11 

days of exposure reduced branch intersections on distal dendrites (rings 5-7) in a manner that was 

indistinguishable from atrophy caused by longer exposure periods [main effect 

F(4,105)=4.6,p=0.002]. (d) Prolonged CORT exposure did not impact the complexity of apical trees 

of hippocampal CA1 neurons. (e) Overall basal dendrite lengths were reduced with 21 days of 

CORT exposure, and this did not recover. (f) Overall apical dendrite length did not change. (g) 



 138 
 

Basal dendrite branch points were also reduced with 21 days of CORT exposure, and counts did 

not recover. (h) Apical branch points were elevated after 11 days of CORT exposure and also with 

21 days of recovery following a 21-day exposure period. Means+SEMs, *p<0.05 vs. control; 

**p<0.05 control vs. CORT+washout groups, ^p<0.1 control vs. CORT+washout groups. n=17-23 

neurons/group; 8-12 mice/group.  
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Figure 5.2. CORT exposure regulates cytoskeletal regulatory elements in the hippocampus. 

(a) Experimental timeline outlining sample collection points. (b) In CA1-rich samples, levels of the 

Abl2/Arg nonreceptor tyrosine kinase and (c-d) phosphorylation of its substrate cortactin were 

reduced by 11 days of CORT exposure. (e) Levels of cofilin decreased, and (f) phosphorylation 

increased. (g) GluR1 was also diminished by 4 days of CORT exposure, but recovered by 11 days 

of exposure. Means+SEMs, *p<0.05 vs. 0-day control. Representative blots are below with the 

corresponding loading controls, HSP-70 (70 kDa) and GAPDH (37 kDa), which did not change as 

a function of CORT exposure. Protein levels in control mice were consistent with prior 

investigations (e.g.,43). Further detailed results and comparisons to CA3-rich samples are 

presented in table S5.2. n=6-8/group. 

 

 

 

  



 140 
 

 

Figure 5.3. Bi-directional regulation of hippocampal p190RhoGAP phosphorylation by 

CORT and the Arg activator DPH. (a) First we confirmed that the 190 KDa band recognized by 

anti-phosphotyrosine immunoblotting is phospho-p190RhoGAP. Lanes, from left to right represent 

input of hippocampal homogenate, supernatant after immunoprecipitation with anti-p190RhoGAP 

antibodies, and the immunoprecipitate. The upper blot was probed with the 4G10 anti-

phosphotyrosine antibody, while the lower blot was probed with anti-p190RhoGAP. (b) 

Experimental timeline: Mice were exposed to CORT starting at P31 and euthanized at P35 or P42 

(arrows). (c) p190RhoGAP phosphorylation increased as a function of age in typical (control) mice, 

but this was mitigated with CORT exposure. Representative blots are below. n=6-8/group. (d) In a 

separate experiment, mice were injected with DPH and euthanized 4 hours later. DPH increased 

hippocampal p190RhoGAP phosphorylation. Representative blots below. n=5/group. 

Means+SEMs, *p<0.05 vs. control or as otherwise noted.  
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Figure 5.4. DPH corrects CORT-induced deficiencies in dendrite arborization. (a) 

Experimental timeline indicating CORT and DPH administration periods and sample collection 

time point. (b) Representative neurons. (c) Mice were exposed to 21 days of CORT, with either 

DPH or its vehicle introduced at day 11. CORT decreased arbor length as expected, but DPH 

blocked this loss. As in our initial studies, apical arbors were unaffected. (d) Sholl analyses revealed 

that chronic CORT again decreased basal branch intersections, but DPH intervention corrected this 

deficiency. Bars=means+SEMs, *p<0.05 vs. control; #p<0.05 vs. CORT+DPH. n=16-22 

neurons/group; 6-9 mice/group. 
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Figure 5.5. The Arg activator DPH prevents CORT-induced behavioral abnormalities. (a) 

Experimental timeline indicating CORT and DPH administration periods and timing of behavioral 

testing. (b) We utilized a spatial reversal learning task in which mice are initially trained to nose 

poke on one aperture, then the location of the active operand is reversed to a nose poke recess in a 

different location in the chamber. (c) Male mice acquired the food-reinforced response and 

responded minimally on the inactive aperture, however (d) CORT increased errors in the reversal 

phase, and DPH corrected this deficiency. (e) DPH also increased the percentage of responses that 

were reinforced. (f) In female mice, CORT induced anhedonic-like sucrose neglect, a depression-

like behavior, and this was fully corrected by DPH, an antidepressant-like response. (g) Sucrose 

consumption patterns could not be accounted for by estrous phase at the time of testing. (h) Further, 

CORT and CORT+DPH groups locomoted a similar amount (although the DPH-alone group was 

more active). Bars and symbols=means+SEMs. *p<0.05 vs. control or as indicated. n=6-8/group. 
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5.7 Supplementary documents 

 

 

 

 

 

 

 

Supplementary Figure 5.1. Exogenous CORT exposure decreases adrenal and thymus gland 

weights. Eleven days of CORT exposure decreased adrenal and thymus gland weights as expected 

[t(18)=10.7,p<0.001; t(18)=3.4,p=0.003 respectively]. **p<0.003. n=10/group. 
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Supplementary Table 5.1. Antibodies used in this report. 

 

  

ANTIBODY IMMUNOGEN HOST MANUFACTURER, 
PRODUCT NUMBER, LOT 
NUMBER 

CONC. 

ANTI-ARG KINASE aa 766-1182 Mouse 
monoclonal 

generously provided by Dr. Peter 
Davies 

1:250 

ANTI-COFILIN  N terminal 
sequence 

Rabbit 
polyclonal 

ECM Biosciences #CP1131, lot 2 1:500 

ANTI-PHOSPHO 
COFILIN 

Ser3 and 
surrounding 
residues 

Rabbit 
monoclonal 

Cell Signaling #3313, lots 6,7 1:250 

ANTI-GLUR1 C terminal 
sequence  

Rabbit 
polyclonal 

Abcam #31232, lot GR15288-4 1:1000 

ANTI-LIMK2 aa 561-638 Rabbit 
polyclonal  

Santa Cruz #5577, lot E0707 1:500 

ANTI-PHOSPHO 
LIMK2 

Thr505 and 
surrounding 
residues 

Rabbit 
polyclonal 

Cell Signaling #3841, lot 6 1:150 

ANTI-RHOA aa 120-150 Mouse 
monoclonal 

Santa Cruz #418, lot K1213 1:500 

ANTI-ROCK2 aa 1-100 Rabbit 
polyclonal 

Abcam #71598, lot GR51275-1 1:1000 

ANTI-INTEGRIN 
ALPHA3 

aa 110-325 Mouse 
monoclonal 

BD Biosciences #611044, lot 
2300508 

1:500 

ANTI-CORTACTIN aa 309-499  Rabbit 
polyclonal 

Santa Cruz #11408, lot F3010 1:1000 

ANTI-PHOSPHO 
CORTACTIN 

Tyr421 and 
surrounding 
residues 

Rabbit 
polyclonal 

Cell Signaling #4569, lot 2 1:100 

ANTI-P190RHOGAP  
(FOR IMMUNO-
PRECIPITATION) 

aa 180-610 Mouse 
monoclonal  

Millipore #05-378 clone D2D6, 
lot 29504 

3 µg 

ANTI-P190RHOGAP 
(FOR WESTERN 
BLOT) 

aa 1-1513 Mouse 
monoclonal  

BD Biosciences #610149, lot 
5273884 

1:500 

ANTI-
PHOSPHOTYROSINE 

Phosphotyrosine 
residues 

Mouse 
monoclonal 

clone 4G10, purified in-house 1:500-2000 
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Supplementary Table 5.2. 

 
 

CA1-RICH SAMPLES CA3-RICH SAMPLES 

Protein Water 4 days 
CORT 

11 days 
CORT 

ANOVA Water 4 days 
CORT 

11 days 
CORT 

ANOVA 

ARG KINASE
  

1 + .03 .92 + .08  .72 + .07* F(2,21)=6.2
7 
p=.007 

1 + .10 .99 + .14 .80 + .07 F(2,24)=.99 
p=.38 

COFILIN 1 + .05 1.06 + .10 .76 + .06* F(2,21)=4.9
3 
p=.02 

1 + .09 1.88 + .37 1.51 + .40 F(2,24)=3.19 
p=.06 

P-COFILIN/ 
TOTAL  

1 + .07 1.28 + .13 1.43 + .16* F(2,21)=3.8
6 
p=.04 

1 + .09 1.13+ .34 .85 + .21 F(2,24)=.44 
p=.65 

GLUR1 1 + .10 .61 + .09* 1.01 + .10 F(2,19)=4.0
0 
p=.04 

Not 
tested 

   

LIM KINASE 2 1 + .04 1.03 + .06 1.08 + .05 F(2,25)=.78 
p=.47 

1 + .03 1.18 + 
.04* 

.96 + .07 F(2,24)=7.13 
p=.004 

P-LIM KINASE 
2/ 
TOTAL  

1 + .05 .97 + .08 1.16+ .08 F(2,23)=1.8
0 
p=.19 

1 + .10 .63 + .09 1.03 + .17 F(2,24)=2.83 
p=.08 

RHO 1 + .07 .95 + .21 .92 + .08 F(2,23)=.13 
p=.88 

1 + .09 1.42 + .27 1.16 + .10 F(2,23)=2.30 
p=.12 

ROCK2  1 + .07 .99 + .06 .91 + .18 F(2,24)=.21 
p=.81 

1 + .07 1.20 + .17 .84 + .13 F(2,23)=2.02 
p=.16 

ALPHA3-
INTEGRIN 

1 + .08 1.27 + .17 1.05 + .16 F(2,23)=1.1
8 
p=.33 

1 + .06 1.14 + .11 .84 + .09 F(2,23)=2.66 
p=.09 

CORTACTIN 1 + .06 .97 + .09 .88 + .06 F(2,21)=.80 
p=.46 

Not 
tested 

   

P-CORTACTIN/ 
TOTAL  

1 + .10 .62 + .18 .52 + .05* F(2,16)=3.5
5 
p=.05 

Not 
tested 

   

 
Supplementary Table 5.2. CORT modifies the levels and activities of cytoskeletal regulatory 

factors in CA1-rich vs. CA3-rich tissue samples. Group means and SEMs are reported, as are 

ANOVA results for each comparison. Asterisks highlight significant post-hoc comparisons against 

water (no-CORT) control. “P” refers to phosphorylated. n=6-10/group. 
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Chapter 6: Summary and future directions 
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6.1 Chapter 1 

This dissertation is a culmination of experiments that sought to elucidate the role of 

cytoskeletal regulatory proteins underlying depression-related behaviors and antidepressant effects. 

These studies were motivated by the perspective that abnormal neuronal structure may contribute 

to the manifestation of such disorders, and that manipulating cytoskeletal regulatory proteins to 

rescue structural defects or expedite typical structural plasticity may be therapeutic. Throughout, I 

focused on the β1-integrin — Arg kinase — Rho-kinase (ROCK2) signaling cascade, as these 

proteins have all been shown to regulate neuronal structure in the postnatal brain (fig. 6.1). 

Clarifying the role of cytoskeletal regulatory proteins in mood disorders will not only increase our 

understanding of disease etiology but will also identify novel drug targets.  

 

6.2 Chapter 2 

Chapter 2 of this dissertation, Differential expression of cytoskeletal regulatory factors in 

the adolescent prefrontal cortex: Implications for cortical development, provided an extensive 

overview of the developmental trajectories of the medial prefrontal cortex (mPFC) and the orbital 

prefrontal cortex (OFC), two subregions of the prefrontal cortex. During adolescence, the prefrontal 

cortex undergoes structural and synaptic reorganization in which excess dendritic spines and 

synapses are pruned, while the remaining are refined and remodeled. I reported that the mPFC and 

OFC have distinct developmental trajectories, as dendritic spines on layer V neurons of the mPFC 

prune between postnatal day (P) 31 and 42, whereas dendritic spines in the OFC prune between 

P39-56. In this analysis, I combined male and female mice; however, there is evidence in human 

and rodent studies to suggest that the prefrontal cortex of males and females have slightly different 

maturation patterns. For example, frontal lobe gray matter volume peaks in females at age 11, but 

in males at age 12 (Giedd et al 1999). In male rats, synapses are eliminated in the mPFC between 

P45 and P60, whereas in females, synapse elimination occurs earlier, between P35 and P45 

(Drzewiecki et al 2016). These ages correspond with pubertal onset, potentially highlighting the 
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relevance of gonadal hormones in neurodevelopment. An analysis of dendritic spine density on 

neurons in layer V of the mPFC revealed no sex differences between P35 and P90 (Koss et al 2014); 

however, our data indicated that dendritic spine pruning can occur after P35, suggesting that a sex 

difference may be detected at a time point after P35 but before P90. Future studies should determine 

whether sex differences in developmental trajectories of the mPFC and OFC also exist in adolescent 

mice.  

I next compared the expression of several cytoskeletal regulatory proteins, synaptic 

markers, and neurotrophic factors at time points corresponding with early, mid- and late 

adolescence. I observed distinct patterns of protein levels between across time. Further, more 

detailed characterization of these expression profiles may provide insight into mechanisms 

underlying neurodevelopmental disorders, given that many neurodevelopmental disorders present 

during adolescence. In summary, the data presented in this chapter are the first to report the levels 

of proteins in the two subregions at multiple time points during postnatal development. The data 

also highlight the importance of developmentally- and regionally-specific analyses of dendritic 

spines and cytoskeletal regulatory proteins.  

 

6.3 Chapter 3 

Although the structural remodeling that occurs during adolescence is believed to be critical 

for the transition to adulthood, there is evidence to suggest that reorganization that occurs during 

this time contributes to the emergence of neuropsychiatric disease (Christoffel et al 2011, Keshavan 

et al 2014). Of the neuropsychiatric diseases that commonly present during adolescence, depressive 

disorders have the most severe burden of disease on the global population (Davidson et al 2015), 

affecting approximately 12% of adolescents in the US (Substance Abuse and Mental Health 

Services Administration 2017). I hypothesized that a drug that could expedite dendritic spine and 

synapse remodeling in the prefrontal cortex may be therapeutic. I tested this theory in the third 

chapter of the dissertation entitled: Rho-kinase inhibition has antidepressant-like efficacy and 
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expedites dendritic spine pruning in adolescent mice. Rho-kinase (ROCK) facilitates actin cycling, 

the process by which the balance between the monomer G-actin and the polymer F-actin determines 

the size and shape of the dendritic spine (dos Remedios et al 2003, Pontrello & Ethell 2009). ROCK 

inhibition amplifies activity-dependent changes to dendritic spine density and shape (Schubert et 

al 2006, Murakoshi et al 2011). I observed that acute administration of the ROCK inhibitor, fasudil, 

had antidepressant-like effects that were comparable to, or exceeded those of, the antidepressant 

agents fluoxetine and ketamine. Fasudil promoted pruning of dendritic spines in the adolescent 

ventromedial prefrontal cortex (vmPFC), while increasing post-synaptic marker, PSD-95, levels, 

mimicking adult-like dendritic spine densities and PSD-95 expression. Our investigation also 

determined that inhibition of ROCK2, the dominant neuronal ROCK isoform, specifially in the 

vmPFC, recapitulated the antidepressant-like effects of fasudil.  

It is important to note that all of the experiments in this chapter were conducted using 

healthy mice. Future studies should investigate whether fasudil can block depressive-like behavior 

in mouse models of depression. For example, our lab has observed that socially isolating mice 

during adolescence induces a depressive-like phenotype, and results in elevated dendritic spine 

densities in the vmPFC (Hinton & Gourley, unpublished), potentially indicative of a lack of 

pruning. Based upon the results reported in chapter 3, it could be expected that acute administration 

of fasudil during adolescence would prevent the depressive-like effects induced by social isolation 

and may normalize dendritic spine density in the vmPFC. It is also possible, however, that chronic 

administration of fasudil is needed to reverse these effects. The ROCK2 shRNA used in our 

experiments was packaged into an adeno-associated virus (AAV) and infused into the vmPFC 3 

weeks prior to forced swim testing. Expression of AAVs is gradual, reaching maximum expression 

approximately 3 weeks following infection (Newman et al 2015), however AAVs can be detected 

as soon as 3 days following infusion (Ahmed et al 2004). As a result, infusion of ROCK2 shRNA 

likely caused a progressive reduction in ROCK2 levels, roughly modeling chronic fasudil 

administration and thus suggesting that chronic administration of fasudil also has antidepressant-
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like efficacy. Future studies should directly test the therapeutic-like efficacy of chronic fasudil 

treatment.  

Taken together, the data presented in chapter 3 identified ROCK2 as a novel therapeutic 

target for the treatment of adolescent-onset depression. Fasudil, a ROCK inhibitor, is currently 

approved for use in Japan for the treatment of stroke and in clinical trials in the US as a vasodilator, 

and has a favorable pharamacological profile. Future studies should seek to build off of these 

findings to further examine the possibility of repurposing fasudil for the treatment of depression.  

 

6.4 Chapter 4 

The results from chapter 3 suggested that expediting the remodeling of the prefrontal cortex 

has antidepressant-like effects. In this chapter, Early-life β1-integrin is necessary for reward-

related motivation, I tested whether I could “shift the system” in the opposite direction and disrupt 

factors associated with dendritic spine remodeling to induce depressive-like behaviors, providing 

valuable insight to whether structural instability may contribute to the manifestation of depressive 

disorders in adolescence. I inhibited β1-integrin (fig. 6.1) by infusing an AAV containing Cre-

recombinase into mice that are ‘floxed’ for Itgb1, the gene that encodes β1-integrin. Previous 

reports showed that β1-integrin is critical for regulating neuronal structure, including during 

adolescence (Moresco et al 2005, Orlando et al 2012, Warren et al 2012), and a recent genome-

wide association study indicated that β1-integrin can be used as a biomarker to predict 

antidepressant efficacy (Fabbri et al 2015). The role of β1-integrin in depressive disorders, 

however, has not been investigated.  

Depression cannot be fully recapitulated in rodents, which makes it challenging to 

determine whether adolescent-onset Itgb1 knockdown induces a depressive-like phenotype in mice. 

To address this obstacle, I evaluated the effects of Itgb1 knockdown on amotivation, behavioral 

despair and anxiety, all hallmark symptoms of depression that can be assayed in rodents. I report 
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that adolecent-onset Itgb1 knockdown interferes with motivation to acquire food reinforcement 

without inducing other behaviors commonly associated with depressive disorders. Based on the 

established relationship between β1-integrin — Arg kinase — ROCK2 (fig. 1), I hypothesize that 

stimulating Arg kinase with the activator, DPH, or inhibiting ROCK2 with fasudil, would rescue 

the motivational deficits induced by β1-integrin inhibition. Future studies should directly test this 

hypothesis.  

In chapter 4, I also report that adult-onset Itgb1 knockdown did not interfere with 

motivational procesess, supporting the notion that disrupting neuronal structure during the 

maturation that occurs during adolescence has behavioral consequences. Future studies should 

consider the effects of β1-integrin inhibition on dendritic spine density and morphology, as it could 

be expected that adolescent-onset knockdown would cause an immature profile reflected by a 

higher proportion of thin spines, whereas adult-onset knockdown may not have any effect.  

Experiments in chapter 4 indicated that adolescent-onset Itgb1 knockdown in the mPFC 

causes motivational deficits, recapitulating one of the hallmark signs of depressive disorders. 

Importantly, Itgb1 knockdown spared other depressive-like behaviors in adolescent mice and did 

not induce motivational deficits when delayed until adulthood. These data suggest that hypoactive 

β1-integrin in the mPFC may contribute to specific symptoms in adolescent-emergent depression.  

 

6.5 Chapter 5 

In chapter 5 of this dissertation, Corticosteroid-induced dendrite loss and behavioral 

deficiencies can be blocked by activation of Abl2/Arg kinase, I investigated the effects of elevated 

corticosterone (CORT), the primary stress hormone, on dendrite arbor structure. The ultimate goal 

of this investigation was to determine the functional effects of CORT on cytoskeletal regulatory 

factors. Diverging from the previous three chapters, the experiments in this chapter focused on the 

CA1 region of the hippocampus, which has long served as a model system for understanding the 



 152 
 

effects of stress on neuronal structure. Importantly, previous studies showed that both stressor 

exposure and CORT transiently simplify dendrites in hippocampal CA3, but structure recovers 

when CORT levels return to baseline (reviewed (Conrad et al 2017)). Dendrites in CA1, however, 

do not recover from CORT-induced atrophy when CORT levels normalize. I hypothesized that 

dysfunction of cytoskeletal regulatory proteins may underlie this lack of resilence. Indeed, I 

reported that CORT exposure decreased Arg kinase, while increasing cofilin phosphorylation (fig. 

1), in CA1-rich hippocampal tissue extracts. Further, these molecular changes coincided temporally 

with the simplification of basal dendritic arbors on CA1 neurons. The Arg kinase activator, DPH, 

prevented the CORT-induced structural changes and blocked CORT-induced behavioral 

impairments.  

Although I confimed in healthy mice that DPH stimulated the Arg substrate p190RhoGAP, 

I did not measure whether DPH restores Arg kinase activity following CORT. This experiment 

could be accomplished by measuring phospho-p190RhoGAP following CORT, for example. Given 

that DPH stimulates Arg kinase, it could also be expected that DPH administration would decrease 

cofilin phosphorylation; however, future experiments are needed to confirm that this is the case.  

 Throughout these experiments, DPH was administered concurrently with CORT to 

determine whether DPH could block the effects of CORT, but it would be valuable to test whether 

DPH could rescue the CORT-induced structural and behavioral deficits. Future studies should 

administer DPH following CORT administration, to mimic the timeline of an individual seeking 

treatment for a stress-related disorder for which symptoms are already present.  

In summary, the data reported in chapter 5 suggest that CORT-induced deficits in Arg 

kinase signaling are associated with dendrite arbor simplification and depressive-like behaviors. 

Stimulating Arg kinase through DPH administration normalized neuronal structure and prevented 

behavioral deficits. These data suggest that impairments in hippocampal β1-integrin — Arg kinase 

— ROCK2 signaling may contribute to stress-related disorders, and that pharmacologically 

stimulating this cascade may be theraputic.  
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6.6 Conclusion 

Adolescence is a dynamic period of neurodevelopment in which neurons are dramatically 

remodeled. The structural reorganization that occurs during this time is developmentally 

appropriate but may open a window of vulnerability to the onset of neuropsychiatric disease. The 

results presented in this body of work support this philosophy and demonstrate the impact of the 

cytoskeletal regulatory factors that regulate neuronal structure on antidepressant-like efficacy and 

the expression of depression-related behaviors. 

Depression is associated with widespread structural abnormalities in the brain, including 

loss of volume in the hippocampus and prefrontal cortex (Drevets et al 1997, Sheline et al 1996), 

and various antidepressants normalize volumes (Dusi et al 2015). Although there is some 

skepticism regarding the utility of rodent models of mood disorders, studies show that rodent 

models of depression exhibit similar volumetric defects, which has allowed for further examination 

of structural changes associated with depressive-like behaviors and antidepressant treatment. For 

example, chronic administration of CORT can be used to induce a depressive-like state in rodents 

and results in simplification of dendrites in the hippocampus and loss of dendritic spines in both 

the PFC and hippocampus (Gourley et al 2013b, Shapiro et al 2017a). The chronic unpredictable 

stress model of depression reduces the volume of the PFC and hippocampus, and causes atrophy 

of dendrites and dendritic spines that can be restored by various antidepressant agents, including 

ketamine (Bessa et al 2009, Li et al 2011).  

It is important to note that most of the studies above were conducted in adult humans and 

rodents. The structural changes associated with adolescent-onset depression and adolescent 

antidepressant treatment are not well studied. The data I present in this dissertation demonstrate the  

importance of the β1-integrin — Arg kinase — ROCK2 signaling cascade in both antidepressant-

like efficacy and depression-related behaviors, including during adolescence.  I propose that 
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cytoskeletal regulatory factors may contribute to the manifestation of depressive behaviors and may 

serve as viable therapeutic targets for the treatment of depressive disorders.  
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Figure 6.1. The β1-integrin — Arg kinase — ROCK signaling cascade is involved in 

antidepressant-like efficacy and expression of depression-related behaviors. β1-integrin is a 

component of the heterodimeric integrin receptor. Upon activation of the integrin receptor, the 

intracellular tail of β1 stimulates Arg kinase. Arg kinase inhibits RhoA GTPase. When RhoA 

GTPase is uninhibited, it activates ROCK2 by inducing a conformational change. ROCK2 

promotes the phosphorylation of cofilin, which inactivates it. When cofilin is active, it facilitates 

actin dynamics, the process responsible for regulating the size and shape of dendritic spines (see 

chapter 2). Pharmacological inhibition of ROCK by fasudil has antidepressant-like efficacy and 

promotes adult-like spine densities in the vmPFC. shRNA-mediated inhibition of the neuronal 

isoform, ROCK2, also has antidepressant-like efficacy (see chapter 3). β1-integrin reduction in the 

mPFC dampens reward-related motivation in adolescent but not adult mice (see chapter 4). CORT 

exposure reduces Arg kinase levels in the CA1-rich dorsal hippocampus and simplifies dendrite 

arborization. Stimulation of Arg kinase rescues CORT-induced structural and behavioral deficits 

(see chapter 5).  
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Appendix: Additional publications  
(not included in this thesis) to which the author has contributed 

  
Swanson AM, Shapiro LP, Whyte AJ and Gourley SL (2013) Glucocorticoid receptor regulation  

of action selection and prefrontal cortical dendritic spines. Communicative & Integrative  
Biology 6(6).  

 
Butkovich LM, Depoy LM, Allen AG, Shapiro LP, Swanson AM and Gourley SL (2015)  

Adolescent-onset GABAAα1 silencing regulates reward-related decision making.  
European Journal of Neuroscience 42(4):2114-21.  

 
Swanson AM* Allen, AG* Shapiro LP* and Gourley SL (2015) GABAAα1 mediated plasticity in  

the orbitofrontal cortex regulates context-dependent action selection.  
Neuropychopharmacology 40(4):1027-36. (*equal contribution) 

 
Shapiro LP*, Pitts EG*, Allen AG, Hinton EA, Bassell GJ, Gross C and Gourley SL Identification  

of a neuroprotective response to cocaine. In revision. (*equal contribution) 
 
Depoy LM, Shapiro LP, Kietzman HW and Gourley SL Early-life β1-integrin is necessary for  

the functions of the orbital prefrontal cortex. In preparation.  
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