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Mechanisms of Normal and Maladaptive Learning: Implications for Alcohol Use 

Disorder 

Zachary William Hoisington 

Abstract 

Addiction, including alcohol use disorder, is a maladaptive form of learning and 

memory. Initially, the effects of an addictive substance are rewarding, reinforcing the drug-

seeking behavior. Over time, repeated exposure leads to changes in neuroanatomy, 

altering the brain’s circuitry and resulting in cycles of drug binge, withdrawal, and craving, 

undermining the individual’s health and functioning. This dissertation aims to examine the 

role of Rac1 in maladaptive learning and Prosapip1 in normal learning and memory.  

The first chapter examines a protein that has not previously been studied in 

mammals in the context of AUD, Rac1. In this chapter, we present evidence that Rac1 is 

activated in the DMS in response to repeated cycles of alcohol binge and withdrawal. This 

subregion-specific activation leads to phosphorylation of downstream proteins and 

promotes F-actin assembly, which then causes increased dendritic arborization and 

dendritic spine maturation. We also show that Rac1 in the DMS is involved in alcohol-

associated goal-directed behavior, and therefore likely contributing to the progression of 

AUD.  

The second chapter investigates the physiological role of a protein previously 

associated with AUD, Prosapip1. We developed a Prosapip1 neuronal knockout mouse 

line to examine its mechanism of action in vivo. We present data to suggest that 

Prosapip1 is vital in regulating the PSD scaffold. Disruption of the PSD leads to a loss of 
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LTP. Finally, these biomolecular changes result in a spatial learning and memory deficit, 

which is localized to the dorsal hippocampus.   

In summary, this dissertation contributes to the knowledge of molecular 

mechanisms controlling normal and maladaptive learning, and identifies potential targets 

for the treatment of AUD.   
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Introduction to Chapter 1 

Chapter 1 of this dissertation focuses on the role of the small G-protein Rac1 in 

promoting the progression of alcohol use disorder (AUD) in the central nervous system. 

AUD is a devastating disease that affects nearly 30 million people in the United 

States (SAMHSA, 2022). Unfortunately, there are few medications (Wackernah et al., 

2014). AUD is characterized by the inability to stop or control alcohol use despite negative 

consequences, ranging from damaging personal relationships to severe health effects. 

The cycle of addiction can be characterized by three major stages: binge/intoxication, 

withdrawal/negative affect, and preoccupation/anticipation (Koob and Volkow, 2010). 

While early drug studies focused on the immediate effect of drug use, the focus has now 

progressed to chronic use and the long-term neuroadaptive changes that lead to the 

continuation of this cycle (Koob and Kreek, 2007; Koob and Volkow, 2010). The transition 

from social intake of alcohol to AUD requires synaptic and structural plasticity changes in 

brain regions such as the striatum, prefrontal cortex, and the amygdala (Lovinger and 

Abrahao, 2018). Research has identified both protective mechanisms that confer 

resilience to AUD and molecular mechanisms that promote the transition to AUD (Ron 

and Berger, 2018). As AUD has few effective medications (Mark et al., 2009; Wackernah 

et al., 2014), understanding these neuromolecular mechanisms may unlock additional 

targets for the treatment of AUD.  

Previous work from our laboratory focused on the alcohol-induced formation of F-

actin and subsequent long-term structural plasticity, which has been hypothesized to 

reinforce alcohol-associated behaviors mice (Wang et al., 2015; Laguesse et al., 2018). 

To further examine the causal mechanisms of these dynamic changes in actin and 
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subsequent long-term structural plasticity, we surveyed upstream proteins that control the 

formation of F-actin.  
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Chapter 1 
 

The small G-protein Rac1 in the dorsomedial striatum promotes alcohol-

dependent structural plasticity and goal-directed learning in mice 

Contributing Authors: Zachary W. Hoisington, Alexandra Salvi, Sophie Laguesse, Yann 

Ehinger, Chhavi Shukla, Khanhky Phamluong, and Dorit Ron 
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1.1 Abstract  

The small G-protein Rac1 promotes the formation of filamentous actin (F-Actin). Actin is 

a major component of dendritic spines, and we previously found that alcohol alters actin 

composition and dendritic spine structure in the nucleus accumbens (NAc) and the 

dorsomedial striatum (DMS). To examine if Rac1 contributes to these alcohol-mediated 

adaptations, we measured the level of GTP-bound active Rac1 in the striatum of mice 

following 7 weeks of intermittent access to 20% alcohol. We found that chronic alcohol 

intake activates Rac1 in the DMS of male mice. In contrast, Rac1 is not activated by 

alcohol in the NAc and DLS of male mice, or in the DMS of female mice. Similarly, closely 

related small G-proteins are not activated by alcohol in the DMS, and Rac1 activity is not 

increased in the DMS by moderate alcohol or natural reward. To determine the 

consequences of alcohol-dependent Rac1 activation in the DMS of male mice, we 

inhibited endogenous Rac1 by infecting the DMS of mice with an AAV expressing a 

dominant negative form of the small G-protein (Rac1-DN). We found that overexpression 

of AAV-Rac1-DN in the DMS inhibits alcohol-mediated Rac1 signaling and attenuates 

alcohol-mediated F-actin polymerization, which corresponded with a decrease in dendritic 

arborization and spine maturation. Finally, we provide evidence to suggest that Rac1 in 

the DMS plays a role in alcohol-associated goal-directed learning. Together, our data 

suggest that Rac1 in the DMS plays an important role in alcohol-dependent structural 

plasticity and aberrant learning. 
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1.2 Significance Statement 

Addiction, including alcohol use disorder, is characterized by molecular and 

cellular adaptations that promote maladaptive behaviors. We found that Rac1 was 

activated by alcohol in the dorsomedial striatum (DMS) of male mice. We show that 

alcohol-mediated Rac1 signaling is responsible for alterations in actin dynamics and 

neuronal morphology. We also present data to suggest that Rac1 is important for alcohol-

associated learning processes. These results suggest that Rac1 in the DMS is an 

important contributor to adaptations that promote alcohol use disorder.    
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1.3 Introduction 

Rac1 (Ras-related C3 botulinum toxin substrate 1) is a small G-protein belonging 

to the Rho family of GTPases (Van Aelst and D'Souza-Schorey, 1997; Vetter and 

Wittinghofer, 2001; Bosco et al., 2009). Rac1 is expressed ubiquitously and plays a role 

in processes such as actin polymerization, endocytosis, transcription, and cell growth 

(Nakayama et al., 2000; Ridley, 2006; Bosco et al., 2009). Rac1 is highly expressed in 

the central nervous system (CNS) (Corbetta et al., 2009).  

Model 1. Rac1 pathway 

Rac1 cycles between a GDP-bound inactive state and a GTP-bound active state 

(Model 1) (Vetter and Wittinghofer, 2001). In the CNS, the transition between GDP-bound 

to GTP-bound Rac1 is catalyzed by the guanine nucleotide-exchange factors (GEFs) 

Tiam1 and Karilin-7 (Vetter and Wittinghofer, 2001; Tolias et al., 2005; Xie et al., 2007). 

The Rac1 GTPase activating proteins (GAPs), such as RacGAP1 or FilGAP (Toure et al., 

1998; Nguyen et al., 2018), initiate the intrinsic GTPase activity of Rac1 resulting in the 

conversion of GTP to GDP (Vetter and Wittinghofer, 2001). Upon activation, Rac1 binds 

to p21-activated kinase (PAK1) leading to PAK1 autophosphorylation and activation 
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(Bokoch, 2003). PAK1 phosphorylates and activates LIM kinase (LIMK) (Edwards et al., 

1999). LIMK then phosphorylates cofilin (Yang et al., 1998; Bernard, 2007; Scott and 

Olson, 2007). Cofilin’s function is to sever actin filaments (F-actin) into globular actin (G-

actin) (Yang et al., 1998; Bamburg, 1999; Maciver and Hussey, 2002; Andrianantoandro 

and Pollard, 2006; Chin et al., 2016; Kanellos and Frame, 2016). LIMK phosphorylation 

of cofilin prevents cofilin’s ability to cleave actin, therefore enabling the formation and 

maintenance of F-actin (Yang et al., 1998; Pavlov et al., 2007; Scott and Olson, 2007). 

This mechanism promotes spine enlargement and stabilizes and strengthens synapses 

(Honkura et al., 2008; Chazeau and Giannone, 2016; Costa et al., 2020). As such, Rac1 

is involved in long-term potentiation, the cellular mechanism of learning and memory 

(Haditsch et al., 2009; Haditsch et al., 2013; Lv et al., 2019).  

Malfunction of Rac1 has been associated with multiple neurological and psychiatric 

disorders. For example, abnormal expression of Rac1 has been observed in humans with 

schizophrenia, autism spectrum disorders, and fragile X syndrome (Tejada-Simon, 2015; 

Reijnders et al., 2017; Wang et al., 2020). A reduction of Rac1 expression is also 

associated with stress, depression, and anhedonia in mice (Golden et al., 2013), 

symptoms that often coincide with addiction (Koob and Kreek, 2007). Abnormal Rac1 

function has been linked to drugs of abuse. Specifically, Rac1 activity is inhibited after 

repeated, but not acute, cocaine administration in the nucleus accumbens (NAc) of mice 

(Dietz et al., 2012), and Rac1-dependent mechanisms affect the extinction of aversive 

opiate withdrawal memories (Wang et al., 2017). Finally, Rac1 orthologs have been 

shown to regulate acute alcohol sensitivity in Drosophila melanogaster (Peru et al., 2012). 
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However, Rac1’s function in alcohol use disorder (AUD) has not been investigated in a 

mammalian system.  

Previously, we found that excessive chronic alcohol consumption promotes the 

formation of F-actin in the NAc (Laguesse et al., 2017) and in the dorsomedial striatum 

(DMS) of mice (Wang et al., 2015; Laguesse et al., 2018). We further found that heavy 

alcohol consumption in mice results in a structural remodeling in both brain regions, 

leading to the maturation of dendritic spines in the NAc and in the branching of dendrites 

and remodeling of dendritic spines in DMS (Wang et al., 2015; Laguesse et al., 2018). 

Here, we examined the possibility that Rac1 controls these alcohol-dependent structural 

adaptations in the NAc and/or the DMS.   
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1.4 Results  

1.4.1 Alcohol activates Rac1 in the DMS of male mice 

 We first tested if repeated cycles of alcohol binge drinking and withdrawal activates 

Rac1 in the striatum of male mice. Specifically, animals were subjected to 7 weeks of 

20% alcohol or water choice for 24 hours a day, 3 days a week, with 24- or 48- (weekend) 

hour withdrawal periods in between during which mice had access to water only. Mice 

consuming water for the same duration were used as controls (Figure 1.1A). Striatal 

regions were dissected and harvested 4 hours after the beginning of a drinking session 

(“binge”) or 24 hours after the end of a drinking session (“withdrawal”) (Figure 1.1A). 

Rac1-GTP pulldown assay was utilized to analyze the level of active GTP-bound vs. 

inactive GDP-bound Rac1. We found that the activity of Rac1 was unaltered by alcohol 

in the NAc (Figure 1.1B, Table 1.1) and the DLS (Figure 1.1C, Table 1.1) (NAc Kruskal-

Wallis test H = 0.5731, p = 0.7761; DLS One-way ANOVA: F(2,15) = 0.0139, p = 0.9862). 

In contrast, we discovered that 7 weeks of IA20%2BC produced a robust activation of 

Rac1 in the DMS during both binge and withdrawal (Figure 1.1D, Table 1.1) (One-way 

ANOVA: F(2, 15) = 8.233, p = 0.0039; Post hoc: Water vs. Binge p = 0.0058, W vs. WD p 

= 0.0068). The same pattern of Rac1 activation was also observed during withdrawal after 

4 weeks of IA20%2BC (Extended Figure 1.1-1, Table 1.1) (Unpaired t-test: t(6) = 2,938, 

p = 0.0260). In contrast, Rac1 activity was unaltered in the DMS of female mice 

undergoing 7 weeks of IA20%2BC (Figure 1.1E, Table 1.1) (Kruskal-Wallis test H = 

0.2456, p = 0.8968), suggesting that there are sex differences in alcohol-dependent Rac1 

activation. Together, these data suggest that chronic voluntary drinking of alcohol 

produces a long-lasting activation of Rac1 in the DMS of male mice. 
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1.4.2 Rac1 activation by alcohol in the DMS is specific 

 Next, we set to determine the specificity of alcohol-dependent activation of Rac1 

in the DMS. The closely related small G-proteins RhoA and Cdc42 have also been linked 

with synaptic and structural plasticity (Francis et al., 2019; Zhang et al., 2021). We found 

that levels of RhoA and Cdc42 bound to GTP (Figure 1.1F, Figure 1.1G, Table 1.1) were 

unchanged in the DMS at both binge and withdrawal timepoints as compared to water-

only drinking mice (RhoA One-way ANOVA: F(2, 15) = 0.472, p = 0.6323; Cdc42 Kruskal-

Wallis test H = 3.310, p = 0.1962). To measure if Rac1 is activated in response to 

moderate consumption of alcohol, we exposed mice to a 10% continuous access 

(10%CA) 2BC alcohol drinking paradigm in which mice were allowed to choose between 

10% alcohol and water continuously for 21 days, matching the number IA20%2BC 

sessions. We detected no change in the activation of Rac1 in the DMS after 10%CA 

(Figure 1.1H, Table 1.1) (Unpaired t-test: t(10) = 0.3960, p = 0.7004), which implies that 

higher concentration of alcohol and/or repeated cycles of binge and withdrawal are 

necessary for the alcohol-dependent activation of Rac1 in the DMS. 

To examine if Rac1 is activated in the DMS by a naturally rewarding substance, 

mice underwent intermittent access to a 1% sucrose 2BC paradigm for 2 weeks. We 

found that Rac1 is not activated in the DMS of sucrose drinking mice (Figure 1.1I, Table 

1.1) (Unpaired t-test: t(12) = 0.5345, p = 0.6028), suggesting that activation of Rac1 

signaling in the DMS is specific for alcohol and is not shared with natural reward. 

Together, these data suggest that the activation of Rac1 in the DMS observed after 

chronic alcohol consumption is not generalized to other closely related small G-proteins 
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in the Rho family, is specific to repeated cycles of binge and withdrawal of 20% alcohol 

and is not shared with natural reward. 

 

1.4.3 Alcohol promotes LIM kinase activation and cofilin phosphorylation 

Rac1 activation leads to the downstream phosphorylation of LIMK which in turn 

phosphorylates cofilin (Edwards et al., 1999). Therefore, we examined whether alcohol-

mediated Rac1 stimulation promotes the activation of LIMK and cofilin phosphorylation in 

the DMS. To test this question, we measured the level of LIMK phosphorylation, and thus 

activation, as well as the phosphorylation of cofilin in the DMS after 7 weeks of 

IA20%2BC. We found that the phosphorylation of both LIMK and cofilin were significantly 

increased after alcohol binge and withdrawal in comparison to animals that drank water 

only (Figure 1.1J, Table 1.1) (One-way ANOVA: LIMK F(2, 12) = 96.40, p < 0.0001; Post 

hoc: Water vs. Binge p < 0.0001, Water vs. Withdrawal p < 0.0001; Cofilin F(2, 12) = 44.14, 

p < 0.0001; Post hoc: Water vs. Binge p < 0.0001, Water vs. Withdrawal p < 0.0001). 

Together, these data suggest that long-term alcohol consumption activates Rac1-

dependent signaling. 
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Figure 1.1. Alcohol activates Rac1 specifically in the DMS of male mice 
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Figure 1.1. Alcohol activates Rac1 specifically in the DMS of male mice 

(A) Intermittent access to 20% alcohol in 2-bottle-choice (IA20%2BC) experimental 
timeline. (B-D) The NAc (B), the DLS (C), and the DMS (D) were harvested 4 hours into 
last drinking session (binge, B) or after 24 hours of abstinence (withdrawal, WD). Rac1-
GTP pull-down assay was conducted on cell lysates. Levels of GTP-bound Rac1 were 
normalized to total Rac1 and presented as percentage of the average of the water values. 
(E) Female mice underwent IA20%2BC before the DMS was harvested and the 
percentage of Rac1-GTP was calculated. RhoA-GTP (F) or Cdc42-GTP (G) pull-down 
assay was conducted on cell lysates after IA20%2BC and quantified using western blot. 
Levels of GTP-bound RhoA or Cdc42 were normalized to total respective protein and 
presented as percentage of average of the water values. (H) Mice underwent 21 sessions 
of 10%CA and the DMS was harvested. Rac1-GTP pull-down assay was conducted on 
cell lysates and quantified using western blot. Rac1-GTP was normalized to total Rac1 
and presented as percentage of average of water values. (I) Mice underwent intermittent 
access to 1% sucrose for 2 weeks and the DMS was harvested. Rac1-GTP pull-down 
assay was performed on cell lysates, and Rac1-GTP was normalized to total Rac1 and 
presented as average of water values. (J) Mice underwent 7 weeks of IA20%2BC and 
LIMK and cofilin phosphorylation in the DMS were examined using western blot analysis. 
The levels of phospho-LIMK (pLIMK) and phospho-Cofilin (pCofilin) were normalized to 
total respective protein and quantified as a percentage of the average of the water values. 
Data are represented as mean ± SEM and analyzed using one-way ANOVA (C,D,F,J) 
with post hoc Šidák’s multiple comparisons test, Kruskal-Wallis test (B, E, G), or unpaired 
two-tailed t-test (H,I). *p < 0.05, **p<0.01, ***p < 0.001; ns, non-significant. n = 5-7 per 
group. 
 

 

Extended Figure 1.1-1. Rac1 is activated after 4 weeks of IA20%2BC in male mice  
After 4 weeks of IA20%2BC, the DMS was harvested and Rac1-GTP pull-down assay 
was conducted on cell lysates. Levels of GTP-bound Rac1 were normalized to total Rac1 
and presented as percentage of the average of the water values. Data are represented 
as mean ± SEM and analyzed with an unpaired two-tailed t-test. *p < 0.05. n = 4 per 
group. 
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1.4.4 Alcohol activation of the LIMK/cofilin signaling pathway in the DMS depends 

on Rac1 

 The LIMK/cofilin signaling pathway can also be activated by other small G-proteins 

such as RhoA/B, Cdc42, and Rac3 (Edwards et al., 1999; Mira et al., 2000; Swanson et 

al., 2017). Thus, to confirm that the upregulation of LIMK and cofilin phosphorylation after 

excessive alcohol use is indeed due to the increase in Rac1 activity, we used a dominant 

negative Rac1 mutant to inhibit the activity of the endogenous protein. Specifically, the 

dominant negative mutant of Rac1 (Rac1-DN) contains a threonine to asparagine 

substitution at residue 17 (Worthylake et al., 2000). The Rac1 mutant forms a tight 

complex with Rac1-specific GEFs, but does not allow the exchange of GDP to GTP, 

keeping the G-protein constantly inactive (Ridley et al., 1992; Wong et al., 2006; Zhang 

et al., 2016) (Figure 1.2A). Rac1-DN was packaged into an adeno-associated virus 

(AAV). First, to confirm the inhibitory action of Rac1-DN, HEK293 cells were infected with 

AAV-Rac1-DN in media containing 1% serum (Figure 1.2B). Next, cells were incubated 

for 30 minutes with media containing 10% FBS. As shown in Figure 1.2B, incubation of 

cells with 10% FBS increased LIMK phosphorylation in non-infected cells, which was not 

observed in cells infected with AAV-Rac1-DN. In contrast, ERK1/2 whose 

phosphorylation does not depend on Rac1 was increased by 10% serum in both 

uninfected cells and AAV-Rac1-DN infected cells. These data suggest that AAV-Rac1-

DN selectively inhibits Rac1 signaling in cultured cells.  

Next, mice were bilaterally infected with AAV-Rac1-DN (3.5x1012 vg/ml) or an AAV-

GFP (3.5x1012 vg/ml) control in the DMS. As shown in Figure 1.2C-E, intense and 

localized viral expression was detected in mice infected with AAV-Rac1-DN. We then 
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tested if Rac1 is required for alcohol-mediated LIMK and cofilin phosphorylation in the 

DMS. Three weeks after surgery, mice underwent 7 weeks of IA20%2BC before 

dissection (Figure 1.2F). The DMS of mice infected with AAV-GFP or AAV-Rac1-DN 

were exposed to the same concentration of alcohol (Table 1.1). Global Rac1 protein level 

was significantly increased in the DMS of mice infected with AAV-Rac1-DN compared to 

mice infected with AAV-GFP (Figure 1.2G) (Two-way ANOVA: Effect of virus F(1,20) =  

69.58, p<0.0001; Effect of alcohol F(1,20) =  6.774, p = 0.0170; Effect of virus x alcohol 

F(1,20) =  0.2164, p = 0.6468; Post hoc W+AAV-GFP vs. W+AAV-Rac1-DN p<0.0001; 

A+AAV-GFP vs. A+AAV-Rac1-DN p = 0.0001). The phosphorylation of LIMK and cofilin 

were measured in the DMS of water- or alcohol-drinking mice infected with AAV-GFP or 

AAV-Rac1-DN. We observed a significant increase in the phosphorylation of LIMK and 

cofilin in AAV-GFP-infected animals during alcohol withdrawal (Figure 1.2H-J, Table 1.1) 

(Two-way ANOVA: pLIMK Effect of alcohol F(1,20) = 35.12, p<0.0001; Post hoc: 

Water+AAV-GFP vs. Alcohol+AAV-GFP p<0.0001; pCofilin Effect of alcohol F(1,20) = 

380.5, p<0.0001; Post hoc: Water+AAV-GFP vs. Alcohol+AAV-GFP p<0.0001), which 

aligns with our prior results (Figure 1.1J). AAV-Rac1-DN overexpression had no effect 

on the phosphorylation of LIMK or cofilin in water-drinking animals (Two-way ANOVA: 

pLIMK Effect of virus F(1,20) = 58.01, p<0.0001; Post hoc: Water+AAV-GFP vs. 

Water+AAV-Rac1-DN p = 0.3184; pCofilin Effect of virus F(1,20) = 378.8, p<0.0001; Post 

hoc: Water+AAV-GFP vs. Water+AAV-Rac1-DN p = 0.9679). In contrast, overexpression 

of AAV-Rac1-DN significantly reduced alcohol-mediated phosphorylation of LIMK and 

cofilin (Two-way ANOVA: pLIMK Effect of virus x alcohol F(1,20) = 105.1, p<0.0001; Post 

hoc: Alcohol+AAV-GFP vs. Alcohol+AAV-Rac1-DN p<0.0001; pCofilin Effect of virus x 
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alcohol F(1,20) = 423.8, p<0.0001; Post hoc: Alcohol+AAV-GFP vs. Alcohol+AAV-Rac1-

DN p<0.0001). These results suggest that the molecular consequences of Rac1 

stimulation by alcohol in the DMS is the phosphorylation, and therefore activation, of LIMK 

and the phosphorylation of its substrate cofilin. 

 

1.4.5 Alcohol promotes F-actin formation in the DMS via Rac1 

We previously showed that chronic excessive alcohol intake increases F-actin 

assembly and decreases G-actin in the DMS (Laguesse et al., 2018). Phosphorylated 

cofilin is unable to cleave F-actin into G-actin (Bamburg, 1999). Therefore, we 

hypothesized that the consequence of the alcohol-mediated activation of the 

Rac1/LIMK/cofilin signaling is the formation of F-actin. To determine if actin remodeling 

in the DMS depends on Rac1 signaling, we examined the level of F-actin and G-actin in 

the DMS of mice that underwent 7 weeks of IA20%2BC or water and that were infected 

with AAV-GFP or AAV-Rac1-DN (Figure 1.2F, Table 1.1). Similar to previous findings 

(Laguesse et al., 2018), control mice infected with AAV-GFP in the DMS had a 

significantly higher level of F-actin after excessive chronic alcohol consumption in 

comparison to AAV-GFP-infected mice that drank water only (Figure 1.2K-L, Table 1.1) 

(Two-way ANOVA: Effect of alcohol F(1,20) = 101.6, p<0.0001; Post hoc: Water+AAV-GFP 

vs. Alcohol+AAV-GFP p<0.0001). Conversely, mice infected with AAV-Rac1-DN had a 

significantly lower F-actin content in comparison to AAV-GFP mice both in the water- and 

alcohol-consuming groups (Figure 1.2K-L, Table 1.1) (Two-way ANOVA: Effect of virus 

F(1,20) = 105.4, p<0.0001; Post hoc: Water+AAV-GFP vs. Water+AAV-Rac1-DN p = 

0.0199; Alcohol+AAV-GFP vs. Alcohol+AAV-Rac1-DN p<0.0001). In addition, the 
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magnitude of the difference in F-actin levels is greater between alcohol-drinking AAV-

GFP and AAV-Rac1-DN mice compared to water-only animals (Figure 1.2K-L, Table 

1.1) (Two-way ANOVA: Effect of virus x alcohol F(1,20) = 30.92, p<0.0001). 

Overexpression of AAV-Rac1-DN had no effect on the level of G-actin in the water-only 

group (Figure 1.2K, Figure 1.2M). However, G-actin levels were reduced by alcohol in 

mice infected with AAV-GFP, which was reversed by overexpression of AAV-Rac1-DN 

(Figure 1.2K, Figure 1.2M, Table 1.1) (Two-way ANOVA: Effect of virus F(1,20) = 7.585, 

p = 0.0122; Effect of alcohol F(1,20) = 12.30, p = 0.0022; Effect of virus x alcohol F(1,20) = 

11.73, p = 0.0027; Post hoc: Water+AAV-GFP vs. Alcohol+AAV-GFP p = 0.0005; 

Water+AAV-Rac1-DN vs. Alcohol+AAV-GFP p = 0.0016; Alcohol+AAV-GFP vs. 

Alcohol+AAV-Rac1-DN p = 0.0018). Therefore, these data suggest that the alcohol-

mediated increase in F-actin assembly in the DMS depends on Rac1.  
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Figure 1.2. Alcohol activation of the LIMK/cofilin signaling pathway and 
subsequent F-actin formation in the DMS depends on Rac1 
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Figure 1.2. Alcohol activation of the LIMK/cofilin signaling pathway and 
subsequent F-actin formation in the DMS depends on Rac1 

(A) Rac1-DN mechanism of action. Rac1-DN has a mutation in its P-loop and does not 
bind GTP. GEFs bind to Rac1-DN but are unable to exchange GDP for GTP. The GEFs 
remain bound to Rac1-DN and ignore endogenous Rac1. (B) HEK293 cells infected with 
AAV-Rac1-DN imaged in both brightfield and GFP to detect viral infection (2X 
magnification). Western blot analysis of Rac1 protein, phospho-LIMK, and 
phosphorylation of ERK1/2 in non-infected cells and cells infected with AAV-Rac1-DN 
after stimulation with 10% FBS. (C) Confirmation of viral overexpression during dissection 
on the DMS of a mouse infected with AAV-Rac1-DN. 2X image from EVOS FL tabletop 
fluorescent microscope. (D-E) Left images (4X magnification) depict the specificity of the 
infection site for AAV-GFP (D) and AAV-Rac1-DN (E), scale bar 500μm. Right images 
(20X magnification) depict solely neurons infected in the DMS by both AAV-GFP (D) and 
AAV-Rac1-DN (E), scale bar 100μm. Each slice is stained with anti-GFP (green) and anti-
NeuN (red) antibodies, along with DAPI (magenta). (F) Experimental timeline. Mice 
received bilateral infusion of AAV-Rac1-DN or AAV-GFP in the DMS and were allowed 3 
weeks for overexpression. After IA20%2BC or water only for 7 weeks the DMS was 
harvested. (G) Mice were infected with AAV-GFP or AAV-Rac1-DN before undergoing 
IA20%2BC. The DMS was harvested, and total Rac1 protein level was examined using 
western blot and normalized to GAPDH. Data are presented as mean ± SEM and 
analyzed using two-way ANOVA with post hoc Šidák’s multiple comparisons test. 
***p<0.001 ****p<0.0001; ns, non-significant. n = 6 per group. (H-J) Phosphorylation of 
LIMK and cofilin were examined using western blot analysis. Levels of pLIMK and pCofilin 
were normalized to total respective protein and quantified as a percentage of AAV-GFP-
infected, water-only animals. Data are represented as mean ± SEM and analyzed by two-
way ANOVA with post hoc Šidák’s multiple comparisons test. *p<0.05, ****p<0.0001; ns, 
non-significant.  n = 6 per group. (K-M) G-actin/F-actin assay was conducted on the DMS 
of mice after overexpression surgery and IA20%2BC or water-only drinking. The 
filamentous (F) or globular (G) actin contents were examined using western blot analysis 
and normalized to total actin and quantified as a percentage of AAV-GFP-infected, water-
only animals. Data represented as mean ± SEM and analyzed using two-way ANOVA 
with Šidák’s multiple comparison. *p < 0.05, **p<0.01, ***p < 0.001, ****p<0.0001; ns, non-
significant. n = 6 per group. 
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1.4.6 Rac1 signaling is activated after voluntary and involuntary alcohol exposure 

in the central amygdala 

After observing that the increased phosphorylation of cofilin is reliant on the 

alcohol-dependent activation of Rac1 in the DMS, we continued to use the 

phosphorylation of cofilin to examine other brain subregions where Rac1 may be involved 

in alcohol-induced molecular mechanisms. One region of particular interest was the 

amygdala. The amygdala’s primary function is emotional processing, such as fear, 

anxiety, and reward, of sensory inputs (Duvarci and Pare, 2014; Janak and Tye, 2015). 

The amygdala is divided into the basolateral amygdala (BLA) and the central amygdala 

(CeA), which are differentiated by having principally glutamatergic (90%) neurons or 

GABAergic (95%) neurons, respectively (Tye et al., 2011). The CeA is the primary output 

region of the amygdala, mediating autonomic and behavioral responses to fear and 

anxiety (Tye et al., 2011). The amygdala, and specifically the CeA, plays an important 

role in AUD. Anxiety often co-occurs with AUD (Anker and Kushner, 2019). Subjects 

suffering from AUD consume alcohol to alleviate negative symptoms, including anxiety 

(Khantzian, 1985; Castillo-Carniglia et al., 2019). In alcohol-dependent subjects, there is 

a reduction in amygdala volume alongside an association with increased alcohol craving 

and intake (Wrase et al., 2008). This correlation has also been identified in families with 

a high density of alcoholism (Hill et al., 2001). The amygdala, and more specifically the 

CeA, is implicated in the withdrawal stage and relapse (Koob and Volkow, 2010) and is 

associated with compulsive drinking (Vandaele and Ahmed, 2021). 

To determine whether Rac1 was activated in the amygdala of mice chronically 

drinking alcohol, mice underwent 7 weeks of IA20%2BC (Figure 1.3A) and punches of 
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each amygdala subregion were taken after binge and withdrawal. We observed a 

significant increase in the phosphorylation of cofilin in the CeA at both binge and 

withdrawal timepoints (Figure 1.3B) (One-way ANOVA: Effect of alcohol F(2,6) = 61.24, p 

= 0.0001;  Post hoc W vs. B p = 0.0002; W vs. WD p = 0.0003; B vs. WD p = 0.8510). 

Interestingly, there was no change in cofilin phosphorylation in the BLA (Figure 1.3B).  

As the CeA is often associated with alcohol-associated behaviors following heavy 

drinking, such as withdrawal-induced anxiety (Khantzian, 1985; Castillo-Carniglia et al., 

2019), we next tested if high levels of involuntary alcohol exposure elicit the same effects 

on Rac1 signaling in the CeA.  Mice underwent chronic intermittent exposure (CIE) to 

alcohol vapor, being exposed to alcohol vapor concentrations between 12-18 mg 

alcohol/L of air for 16 hr/day followed by 8 hr withdrawal periods for 4 consecutive 

days/week for 2 weeks (Figure 1.3C). Control mice had exposure to air only for the same 

duration of time. Prior to being placed in the chamber, mice were injected with a dose of 

alcohol (1.6g/kg, i.p.) and pyrazole (1 mmol/kg, i.p) to stabilize blood alcohol 

concentration (BAC) within the group. The air-only group received only pyrazole. Alcohol 

chamber vapor concentrations were tested twice daily to ensure correct dosing and BAC 

was measured weekly. At time of sacrifice, after 2 weeks of CIE, the paradigm produced 

an average BAC of 189.14±39.14 mg/dl. The CeA and BLA were dissected at the end of 

the final exposure session (Figure 1.3C) and the phosphorylation of cofilin was measured 

using western blot. We observed a significant increase in the phosphorylation of cofilin in 

the CeA, but not the BLA (Figure 1.3D), aligning with the IA20%2BC results (Welch’s t-

test: t5.405 = 2.612, p = 0.0441).  
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These results exhibit another subregion-specific activation of Rac1 signaling in 

response alcohol exposure. Furthermore, taken together, the analogous results after 

IA20%2BC and CIE suggest that alcohol exposure and subsequent withdrawal are 

sufficient to elicit the activation of Rac1 signaling in this region.     
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Figure 1.3. Rac1 signaling is activated after voluntary and involuntary alcohol 
exposure in the central amygdala 
(A) Intermittent access to 20% alcohol in 2-bottle-choice (IA20%2BC) experimental 
timeline. (B) Phosphorylation of LIMK and cofilin in the CeA and the BLA were examined 
using western blot analysis. Levels of pLIMK and pCofilin were normalized to total 
respective protein and quantified as a percentage of water controls. Data are presented 
as mean ± SEM and analyzed using one-way ANOVA with post hoc Šidák’s multiple 
comparisons test. **p<0.001 ***p<0.001; ns, non-significant. n = 3 per group. (C) Chronic 
intermittent exposure to alcohol (CIE) experimental timeline. Mice were exposed to  
(figure caption continued on next page) 
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(figure caption continued from previous page) 
alcohol overnight for 16-hour sessions with an 8-hour withdrawal period in between for 
four days a week. This was repeated for 2 weeks, separated by a 72-hour withdrawal 
period. The CeA and BLA were harvested at the end of the final exposure.                                       
(D) Phosphorylation of cofilin in the CeA and BLA was measured using western blot and 
normalized to total protein, quantified as a percentage of air controls. Data are presented 
as mean ± SEM and analyzed using Welch’s t-test. *p<0.05. n = 6 per group.  
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1.4.7 Rac1 promotes the remodeling of dendritic arbors in the DMS 

 F-actin is responsible for morphological remodeling in neurons (Honkura et al., 

2008; Chazeau and Giannone, 2016; Costa et al., 2020). Previously, we showed that 

alcohol consumption increases dendritic branch complexity in DMS medium spiny 

neurons (MSNs) (Wang et al., 2015; Laguesse et al., 2018). Since alcohol leads to F-

actin formation via Rac1, we hypothesized that the increase in dendritic branching after 

alcohol use is mediated via Rac1 signaling. To test this possibility, the DMS of mice that 

were subjected to IA20%2BC or water only was infected with a low titer of AAV-Rac1-DN 

or AAV-GFP (7x109 - 3.5x1010 vg/ml). The goal was to infect a sparse population of 

neurons to allow for imaging of individual arbors (Figure 1.4A). Low-titer infection of 

Rac1-DN did not alter alcohol consumption (Table 1.1). Sholl analysis (Sholl, 1953) was 

then performed on the DMS of water- or alcohol-drinking mice infected with AAV-GFP or 

AAV-Rac1-DN (Figure 1.4B-C).  

Similar to our prior findings (Wang et al., 2015; Laguesse et al., 2018), we found 

that alcohol significantly increased the complexity of dendritic trees of DMS MSNs (Figure 

1.4D) (Three-way ANOVA: Effect of alcohol x distance F(15,270) = 5.227, p < 0.0001). 

Specifically, DMS dendrites 30-80μm from the soma exhibited significantly more 

intersections in alcohol-drinking vs. water-only-drinking mice (Figure 1.4D) (Two-way 

ANOVA: Effect of alcohol F(1, 20) = 9.063, p < 0.0001, Post hoc Šídák's multiple 

comparisons test Water vs. Alcohol). The increase in dendritic complexity was further 

quantified by calculating the area under the curve (AUC) (Figure 1.4E) (Two-way 

ANOVA: Effect of alcohol F(1, 18) = 7.932, p = 0.0114). In addition, we observed that 

dendritic length (Figure 1.4F), the number of branching points (Figure 1.4G), and the 



 26 

number of ending points (Figure 1.4H), were also increased by alcohol (Two-way 

ANOVA: Effect of alcohol Dendritic Length F(1, 18) = 8.247, p = 0.0101; Branching points 

F(1, 18) = 4.050, p = 0.0594; Ending points F(1,18) = 4.759, p = 0.0426).  

In contrast, infection of the DMS with AAV-Rac1-DN significantly reduced dendritic 

arborization (Figure 1.4D) (Three-way ANOVA: Effect of virus x distance F(15, 270) = 4.890, 

p < 0.0001). Specifically, the number of dendritic intersections 30-80μm from the soma 

was significantly decreased when DMS neurons were infected with AAV-Rac1-DN as 

compared to neurons infected with AAV-GFP (Figure 1.4D) (Two-way ANOVA of 

consolidated data: Effect of virus F(1, 20) = 10.71, p = 0.0038, Post hoc Šídák's multiple 

comparisons test, AAV-GFP vs. AAV-Rac1-DN). Furthermore, AAV-Rac1-DN infection 

significantly decreased AUC (Figure 1.4E), along with dendritic length, branching points, 

and ending points (Figure 1.4F-H) (Two-way ANOVA: Effect of virus AUC F(1, 18) = 8.754, 

p = 0.0084, Dendritic length F(1, 18) = 9.186, p = 0.0072, Branching points F(1, 18) = 7.551, 

p = 0.0132, Ending points F(1, 18) = 9.030, p = 0.0076). However, there was no interaction 

between the variables (Three-way ANOVA: Effect of alcohol x virus x distance F(15,270) = 

0.2661, p = 0.9975; Two-way ANOVA: Effect of alcohol x virus AUC F(1,18) = 0.0005846, 

p = 0.9810, Dendritic length F(1,18) = 0.004819, p = 0.9454, Branching points F(1,18) = 

0.005694, p = 0.9407, Ending points F(1,18) = 0.06334, p = 0.8041).  

Next, we examined the number of branches per dendritic order (Figure 1.4I). 

Three-way ANOVA showed a significant main effect of virus (F(1,18) = 7.859, p = 0.0117) 

and a significant main effect of alcohol (F(1,18) = 4.921, p = 0.0396) but no interaction 

between virus and alcohol (F(1,18) = 0.2476, p = 0.6248). Next, the number of branches 
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was analyzed for each order. Two-way ANOVA showed a significant main effect of virus 

at 3rd and 4th order, and a significant main effect of alcohol at 4th order (Figure 1.4I). 

Together, these data confirmed that chronic excessive alcohol use significantly 

increases the complexity of dendritic branching in DMS MSNs (Wang et al., 2015; 

Laguesse et al., 2018). Importantly, we show that Rac1 contributes to dendritic branching 

in DMS neurons. 
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Figure 1.4. Rac1 promotes remodeling of dendritic arbors in the DMS  

Low titer of AAV-GFP or AAV-Rac1-DN (7x109 - 3.5x1010 vg/ml) was infused bilaterally 
into the DMS. After 1 week of recovery, mice underwent 7 weeks of IA20%2BC. Mice 
consuming water only were used as control. Twenty-four hours after the last drinking  
(figure caption continued on next page) 
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(figure caption continued from previous page) 
session, mice were perfused and brains were sliced into 100μm sections before MSN 
morphology was analyzed. (A) Sample image (40X magnification) of a GFP-positive DMS 
MSN. Scale bar, 50 μm. (B) Example of the reconstruction of the GFP-positive neuron. 
(C) Scheme of the morphological parameters measured in each neuron. Dendritic order 
increased after each branching point, defined as a dendritic intersection. (D, E) Analysis 
of neuronal dendritic arborization. Sholl analysis was performed on reconstructed 
neurons. The number of intersections was analyzed for each point (D) and the area under 
the curve (AUC) (E) was calculated. (F) Measurement of total dendritic length. (G) 
Number of branching points. (H) Number of ending points. (I) Number of branches per 
dendritic order. Data are represented as mean ± SEM and analyzed by two-way ANOVA. 
Main effect of virus is represented graphically.  *p < 0.05, **p<0.01, ***p < 0.001. 
Water+AAV-GFP: 19 neurons from 6 mice; Alcohol+AAV-GFP: 23 neurons from 7 mice; 
Water+AAV-Rac1-DN: 15 neurons from 6 mice, Alcohol+AAV-Rac1-DN: 10 neurons from 
3 mice.  
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1.4.8 Rac1 in the DMS is required for the alcohol-mediated alteration in dendritic 

spine morphology 

Actin is the major structural protein in the post-synaptic density (PSD) (Ratner and 

Mahler, 1983).  Actin cytoskeleton organization directly controls dendritic spine 

morphology (Schubert and Dotti, 2007; Hotulainen and Hoogenraad, 2010; Basu and 

Lamprecht, 2018). Rac1 signaling controls actin dynamics and is involved in dendritic 

spine morphogenesis (Bosco et al., 2009; Haditsch et al., 2009; Haditsch et al., 2013; 

Costa et al., 2020). Since Rac1 is activated by alcohol which in turn promotes F-actin 

assembly we hypothesized that the dendritic spines in the DMS are altered by alcohol in 

a Rac1-dependent manner.  

Next, we examined the shape of individual dendritic spines on distal dendritic 

branches (3rd or 4th order) in mice infected with AAV-GFP and AAV-Rac1-DN in DMS and 

that consumed 20% alcohol or water only for 7 weeks (Figure 1.5A). Spine density (spine 

number per 10µm) was unaffected by alcohol drinking or AAV-Rac1-DN infection (Figure 

1.5B) (Two-way ANOVA: Effect of virus F(1,15) = 0.1118, p = 0.7428; Effect of alcohol F(1,15) 

= .01518, p = 0.9036; Effect of virus x alcohol F(1,15) = 1.150, p = 0.3006).  

We found that in control mice infected with AAV-GFP, alcohol drinking significantly 

increased dendritic spine area, aligning with prior findings (Laguesse et al., 2018) (Two-

way ANOVA: Effect of alcohol F(1,15) = 27.17, p = 0.0001) (Figure 1.5C). Alcohol drinking 

also significantly increased dendritic spine volume (Two-way ANOVA: Effect of alcohol 

F(1,15) = 21.79, p = 0.0003) (Figure 1.5D). Both spine length (Figure 1.5E) and average 

spine head width (Figure 1.5F) were significantly increased by alcohol drinking (Two-way 
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ANOVA: Spine Length Effect of alcohol F(1,15) = 4.617, p = 0.0484; Head Width Effect of 

alcohol F(1,15) = 10.69, p = 0.0052). 

In contrast, the alcohol-mediated alterations in dendritic spine morphology were 

attenuated by Rac1 inhibition. Specifically, Rac1 inhibition significantly decreased 

dendritic spine area in alcohol-drinking animals, without affecting water-only controls. 

(Figure 1.4C) (Two-way ANOVA: Effect of virus F(1,15) = 14.86, p = 0.0016; Effect of virus 

x alcohol F(1,15) = 6.075, p = 0.0263; Post hoc Šídák's multiple comparisons test: W+AAV-

GFP vs. A+AAV-GFP p = 0.0003, A+AAV-GFP vs. W+Rac1-DN p < 0.0001, A+AAV-GFP 

vs. A+AAV-Rac1-DN p = 0.0029, W+AAV-Rac1-DN vs. A+AAV-Rac1-DN p = 0.2739). 

The alcohol-mediated increase in dendritic spine volume was also prevented by Rac1-

DN, without affecting water-only controls (Figure 1.5D) (Two-way ANOVA: Effect of virus 

F(1,15) = 9.634, p = 0.0073; Effect of virus x alcohol F(1,15) = 6.172, p = 0.0253; Post hoc 

Šídák's multiple comparisons test: W+AAV-GFP vs. A+AAV-GFP p = 0.0005, A+AAV-

GFP vs. W+Rac1-DN p = 0.0002, A+AAV-GFP vs. A+AAV-Rac1-DN p = 0.0078, W+AAV-

Rac1-DN vs. A+AAV-Rac1-DN p = 0.4614). In addition, we found that AAV-Rac1-DN 

slightly reduced spine length independent of drinking (Figure 1.5E), and decreased spine 

head width (Figure 1.5F) (Two-way ANOVA: Spine Length Effect of virus F(1,15) = 10.99, 

p = 0.0047; Effect of virus x alcohol F(1,15) = 0.5682, p = 0.4626; Head Width Effect of 

virus F(1,15) = 5.064, p = 0.0399; Effect of virus x alcohol F(1,15) = 3.728, p = 0.0726; Post 

hoc Šídák's multiple comparisons test: W+AAV-GFP vs. A+AAV-GFP p = 0.0086, 

W+AAV-Rac1-DN vs. A+AAV-Rac1-DN p = 0.7946). Length-to-width ratio was not 

affected by alcohol or Rac1 inhibition alone, but a combination of these factors (Figure 

1.5G) (Two-way ANOVA: Effect of alcohol F(1,15) = 1.285, p = 0.2748; Effect of virus F(1,15) 
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= 0.0.01974, p = 0.8901; Effect of virus x alcohol F(1,15) = 5.418, p = 0.0343). Together, 

these findings suggest that Rac1 contributes to the alcohol-mediated increases in 

dendritic spine area, volume, and length-to-width ratio, while also directly affecting spine 

length and head width. 

We then examined whether alcohol-mediated activation of Rac1 signaling and the 

increase in F-actin content was responsible for the maturation of DMS MSN dendritic 

spines. Dendritic spines are classed into four subtypes: filipodia, thin, stubby, and 

mushroom, with filopodia being the least mature form of spines and mushrooms being 

the most mature form (Kasai et al., 2003). Spines are characterized by different shape, 

with primary variables being spine length, neck, and head width (Kasai et al., 2003). Like 

our previous study (Laguesse et al., 2018), we found that alcohol drinking increased the 

maturity of dendritic spines in the DMS. Specifically, we found that in AAV-GFP infected 

mice, alcohol significantly increased the proportion of mushroom-shaped spines at the 

expense of thin spines, while not affecting filopodia or stubby spines (Figure 1.5H). Rac1 

inhibition blocked the alcohol-mediated increase in mushroom spines and decrease in 

thin spines but had no effect on animals drinking water only (Figure 1.5H) (Three-way 

ANOVA: Effect of virus F(1, 15) = 2.745, p = 0.1183; Effect of alcohol F(1, 15) = 0.003263, p 

= 0.9552; Spine type F(3, 45) = 304.5, p < 0.0001; Effect of virus x spine type F(3, 45) = 16.83, 

p < 0.0001; Effect of alcohol x spine type F(3, 45) = 4.052, p = 0.0124, Effect of virus x 

alcohol x spine type F(3, 45) = 13.08, p < 0.0001; Post hoc Šídák's multiple comparisons 

test: Thin: W+AAV-GFP vs. A+AAV-GFP p = 0.0018, A+AAV-GFP vs. W+AAV-Rac1-DN 

p < 0.0001, A+AAV-GFP vs. A+AAV-Rac1-DN p < 0.0001;   Mushroom: W+AAV-GFP vs. 

A+AAV-GFP p = 0.0082, A+AAV-GFP vs. W+AAV-Rac1-DN p = 0.0304, A+AAV-GFP vs. 
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A+AAV-Rac1-DN p = 0.0123). Together, our data suggest that Rac1 signaling is 

responsible for the alcohol-mediated morphological changes in dendritic spine structure 

and maturation in DMS MSNs.  
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Figure 1.5. Rac1 in the DMS is required for the alcohol-mediated morphological 
changes in dendritic spines 

Low titer of AAV-GFP or AAV-Rac1-DN (7x109 - 3.5x1010 vg/ml) was infused bilaterally 
into the DMS. After 1 week of recovery, mice underwent 7 weeks of IA20%-2BC. Mice 
consuming water only were used as control. Twenty-four hours after the last drinking  
(figure caption continued on next page) 
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(figure caption continued from previous page) 
session, mice were perfused, and MSN dendritic spine morphology was 
analyzed. (A) Sample image of a GFP-positive DMS MSN (100X magnification) from 
each group. Scale bar, 10 μm. (B) Average dendritic spine density (number of spines/10 
µm). (C) Average dendritic spine area (µm2). (D) Average dendritic spine volume (µm3). 
(E) Average dendritic spine length (µm). (F) Average diameter of dendritic spine heads 
(µm). (G) Dendritic spine length-to-width ratio. Data is represented as mean ± SEM and 
analyzed using two-way ANOVA and Šidák’s post hoc multiple comparisons test. 
*p<0.05, **p<0.01, ***p<0.001. ****p<0.0001.  (H) Percentage of filopodia, thin, stubby, 
and mushroom dendritic spines for water- and alcohol-drinking mice infected with either 
AAV-GFP or AAV-Rac1-DN. Three-way ANOVA and Šidák’s post hoc multiple 
comparisons test. ****p<0.0001. Water+AAV-GFP: 14 neurons from 5 mice; 
Alcohol+AAV-GFP: 13 neurons from 5 mice; Water+AAV-Rac1-DN: 14 neurons from 5 
mice; Alcohol+AAV-Rac1-DN: 11 neurons from 4 mice.  
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1.4.9 Rac1 does not play a role in the development and maintenance of voluntary 

alcohol intake 

 Next, we set to determine if the alcohol-dependent, Rac1-mediated molecular and 

cellular changes have consequences on alcohol-related behaviors. First, we tested the 

effect of Rac1 inhibition on the development of excessive alcohol drinking. To do so, the 

DMS of mice was bilaterally infused with AAV-Rac1-DN or AAV-GFP (3.5x1012 vg/ml). 

After allowing for three weeks of recovery, animals underwent IA20%2BC for 7 weeks 

and drinking and preference were measured (Figure 1.6A). We found that there was no 

difference in alcohol consumption in the group with overexpressed AAV-Rac1-DN in the 

DMS compared to AAV-GFP controls (Figure 1.6B) (RM Two-way ANOVA: Effect of virus 

F(1,17) = 0.08351, p = 0.7761; Effect of session F(6, 102) = 5.420, p < 0.0001; Effect of virus 

x session F(6, 102) = 0.1339, p = 0.9916). Water drinking was also unaltered (Figure 1.6C). 

RM Two-way ANOVA: Effect of virus F(1,17) = 0.4571, p = 0.5081; Effect of session F(6,102) 

= 3.855, p = 0.0017; Effect of virus x session F(6,102) = 0.8631, p = 0.5248). As a result, 

alcohol preference was also unchanged (Figure 1.6D) (RM Two-way ANOVA: Effect of 

virus F(1,17) = 0.1798, p = 0.6768; Effect of session F(6, 102) = 3.196, p = 0.0065; Effect of 

virus x session F(6, 102) = 0.4250, p = 0.8608). 

Next, we determined the potential contribution of Rac1 to the maintenance of 

alcohol-drinking behavior. Mice were first subjected to the IA20%2BC paradigm for 7 

weeks. Experimental and control groups were balanced based on drinking average. Mice 

underwent surgery to overexpress AAV-Rac1-DN, or AAV-GFP as a control, in the DMS. 

IA20%2BC was then resumed for 4 weeks and alcohol drinking was evaluated (Figure 

1.6E). Overexpression of AAV-Rac1-DN did not alter the maintenance of alcohol drinking 
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(Figure 1.6F) (RM Two-way ANOVA: Effect of virus F(1,14) = 2.454, p = 0.1396; Effect of 

session F(3,42) = 1.262, p = 0.2998; Effect of virus x session F(3,42) = 0.5923, p = 0.6235). 

Water consumption was similarly unchanged (Figure 1.6G) (RM Two-way ANOVA: Effect 

of virus F(1,13) = 0.8287, p = 0.3792; Effect of session F(3, 39) = 3.606, p = 0.0216; Effect of 

virus x session F(3,39) = 0.1149, p = 0.9508), leading to similar alcohol preference between 

the group (Figure 1.6H) (RM Two-way ANOVA: Effect of virus F(1, 14) = 2.520, p = 0.1347; 

Effect of session F(3,42) = 0.7839, p = 0.5096; Effect of virus x session F(3,42) = 0.7518, p 

= 0.5275). Together, these results suggest that Rac1 in the DMS does not contribute to 

the development or maintenance of voluntary alcohol drinking in the IA20%2BC 

paradigm. 
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Figure 1.6. Rac1 does not play a role in the development and maintenance of 
voluntary alcohol intake 

 (A) Development: Surgery and IA20%2BC timeline. Mice received a bilateral, dual-
infusion of AAV-Rac1-DN or AAV-GFP as a control. After 3 weeks of recovery, IA20%2BC 
began and continued for 7 weeks. (B) Weekly average alcohol consumption (g/kg/24hrs.)  
(figure caption continued on next page) 
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(figure caption continued from previous page) 
of development drinking mice. (C) Water consumption averages for the IA20%2BC 
development drinking groups. (D) Preference for alcohol during the development 
IA20%2BC drinking, with an index above 50 indicating a preference for alcohol. (E) 
Maintenance: Surgery and IA20%2BC timeline. Mice first underwent IA20%2BC for 7 
weeks. Groups were balanced based on average daily alcohol consumption in last 6 
drinking sessions. Mice received a bilateral, dual-infusion of AAV-Rac1-DN or AAV-GFP 
as a control and were allowed one full week for recovery. IA20%2BC resumed for 4 
weeks. (F) Weekly average consumption (g/kg/24hrs.) for maintenance drinking mice. (G) 
Water consumption average for maintenance drinking mice. (H) Preference for alcohol 
for maintenance-drinking mice. All data represented as mean ± SEM and analyzed with 
two-way ANOVA with repeated measures. n = 9-10. 
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1.4.10 Rac1 in the DMS is required for alcohol-associated goal-directed learning 

 We observed that the activation of Rac1 signaling after chronic excessive alcohol 

use was specific to the DMS, a brain region that is associated with goal-directed learning 

(Dolan and Dayan, 2013; Shan et al., 2014). As goal-directed behavior is particularly 

important for drug seeking (Singer et al., 2018), we hypothesized that Rac1 in the DMS 

may play a role in alcohol-associated goal-directed learning.  

To examine this hypothesis, the DMS of mice was bilaterally infused with AAV-

Rac1-DN or AAV-GFP (3.5x1012 vg/ml). Mice were allowed 3 weeks to recover before 

undergoing IA20%2BC for 7 weeks. Mice were then trained to self-administer 20% 

alcohol on a fixed ratio of reinforcement 1 (FR1) schedule for 20 hours over four sessions 

during the first week before transitioning to 2-hour sessions. After eight 2-hour sessions 

of FR1, mice progressed to FR2, and alcohol-associated active lever presses and inactive 

lever presses were examined (Figure 1.7A). We found that there was no significant 

change in active lever presses between mice infected with AAV-Rac1-DN or AAV-GFP 

(Figure 1.7B, Table 1.1) (RM Two-way ANOVA: Effect of virus F(13, 143) = 1.522, p = 

0.1163; Effect of session F(3.043, 33.47) = 1.232, p = 0.3137; Effect of virus x session F(13, 

143) = 1.522, p = 0.1163). However, mice infected with AAV-Rac1-DN pressed the inactive 

lever significantly more than the AAV-GFP-infected mice (Figure 1.7C) (RM Two-way 

ANOVA: Effect of virus F(1, 11) = 5.102, p = 0.0452; Effect of session F(13, 143) = 0.9024, p 

= 0.5522; Effect of virus x session F(13, 143) = 0.8569, p = 0.5996). This phenotype is 

exemplified in the discrimination index, showing that the AAV-Rac1-DN mice exhibited 

significantly worse discrimination for the active lever throughout the OSA experiment in 

comparison to AAV-GFP controls (Figure 1.7D) (RM Two-way ANOVA: Effect of virus 
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F(1, 11) = 5.320, p = 0.0415; Effect of session F(13, 143) = 2.237, p = 0.0107; Effect of virus x 

session F(13,143) = 0.8674, p = 0.5886). A similar phenotype was observed in the proportion 

of rewarded lever presses, which accounts for active lever presses that do not lead to a 

reward. Specifically, while over 50% of presses of the AAV-GFP control animals led to a 

reward, the AAV-Rac1-DN group failed to reach this threshold throughout the testing 

period (Figure 1.7E) (RM Two-way ANOVA: Effect of virus F(1,11) = 16.66, p = 0.0018, 

Effect of session F(13,143) = 6.400, p < 0.0001; Effect of virus x session F(13,143) = 0.5518, 

p = 0.8880). There was no difference in alcohol consumption between groups (Figure 

1.7F) (RM Two-way ANOVA: Effect of virus F(1,11) = 1.099, p = 0.3169; Effect of session 

F(13, 143) = 15.18, p < 0.0001; Effect of virus x session F(13, 143) = 1.156, p = 0.3178), which 

aligns with the IA20%2BC data (Figure 1.6). Examination of the inter-response interval 

between lever presses of the final session shows that AAV-Rac1-DN mice exhibited a 

significantly increased proportion of lever presses in short intervals, and significantly less 

lever presses in the longer intervals, compared to AAV-GFP controls (Figure 1.7G) (RM 

Two-way ANOVA: Effect of virus F(1,11) = 0.5360, p = 0.4794; Effect of interval F(4,44) = 

64.48, p < 0.0001; Effect of virus x interval F(4, 44) = 6.145, p = 0.0005; Post hoc 0-5 p = 

0.0034, >20 p < 0.001). These phenotypes can be visualized in the behavioral trace of 

individual mouse profiles from the OSA session with the greatest discrimination difference 

(Figure 1.7H). As the DMS plays an important role in movement (Kravitz and Kreitzer, 

2012), we examined the consequence of Rac1 inhibition in the DMS on locomotion using 

an open field paradigm. As shown in Figure 1.7l, attenuation of Rac1 activity in the DMS 

had no effect on locomotion (Unpaired t-test: t(16) = 0.06783, p = 0.9468). Therefore, this 

behavioral difference is not due to changes in motor behavior. Together, these data 
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suggest that Rac1 in the DMS plays a role in discrimination of alcohol-associated 

rewarded lever presses. 
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Figure 1.7. Rac1 in the DMS is required for alcohol-associated goal-directed 
learning 
(A) Operant self-administration of 20% alcohol paradigm. Mice underwent surgery to 
overexpress AAV-Rac1-DN or AAV-GFP in the DMS. After 3 weeks of recovery, mice  
(figure caption continued on next page) 
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(figure caption continued from previous page) 
underwent 7 weeks of IA20%2BC to develop a preference for alcohol before transitioning 
to 20% alcohol OSA for 1 week of training and 4 experimental weeks. (B-C) The group 
average of active (B) and inactive (C) lever presses during the 2-hour sessions. (D) 
Discrimination index for the active lever. Calculated as proportion of active lever presses 
compared to total lever presses. (E) Proportion of rewarded lever presses. Calculated as 
rewarded lever presses compared to total lever presses.  
 (F) Alcohol consumption during each session. (G) Proportion of inter-response interval 
between lever presses during the final session. Data are presented as mean ± SEM and 
analyzed using RM Two-way ANOVA and Šidák’s post hoc multiple comparisons test. 
*p<0.05, **p<0.01, ***p<0.001. n = 6, 7. (H) Individual mouse behavioral profiles from 
OSA session 9. Each line corresponds with an active (green) or inactive (red) lever press, 
and triangles represent reward (purple).  (I) Total distance moved in an open field. Mice 
were placed in an open field and locomotion was recorded for 20 minutes. Data 
represented as mean ± SEM and analyzed using an unpaired t-test. n = 9 per group.  
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Next, we examined if the reduction in discrimination as a result of Rac1-DN is 

related to deficits in goal-directed behavior. Goal-directed behavior is reliant on an 

association between response and outcome (Yin et al., 2005; Balleine and O'Doherty, 

2010). We used a contingency degradation model to test the hypothesis that Rac1 in the 

DMS is involved in alcohol-associated goal-directed behavior. Mice were first infected 

with AAV-Rac1-DN or AAV-GFP in the DMS before undergoing IA20%2BC for 7 weeks. 

Mice were then trained to operant self-administer alcohol as described in (Morisot et al., 

2019a) (Figure 1.8A). To bias mice towards goal-directed behavior, mice were trained 

on a random ratio (RR) schedule of reinforcement, which is known to promote goal-

directed actions (Yin et al., 2005) (Figure 1.8A). AAV-GFP-infected mice significantly 

reduced active lever pressing during degraded sessions compared to non-degraded 

sessions (Figure 1.8B) However, AAV-Rac1-DN-infected mice pressed similarly during 

non-degraded and degraded sessions indicating a disruption in alcohol-associated, goal-

directed learning (Figure 1.8B) (Two-way ANOVA: Effect of virus F(1,12) = 4.863, p = 

0.0477; Effect of degradation F(1,12) = 17.98, p = 0.0011; Effect of virus x degradation 

F(1,12) = 11.38, p = 0.0055; Post hoc ND vs. D: AAV-GFP p = 0.0003, AAV-Rac1-DN p = 

0.7989). As shown in Figure 1.8C, the port entries during non-degraded and degraded 

sessions were unchanged (Two-way ANOVA: Effect of virus F(1,2 = 1.060, p = 0.3236; 

Effect of degradation F(1,12) = 4.732, p = 0.0503; Effect of virus x degradation F(1,12) = 

0.4249, p = 0.5268). Together, these data suggest that Rac1 in the DMS plays a role in 

alcohol-associated, goal-directed learning.  
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Figure 1.8. Rac1 in the DMS is required for alcohol action-outcome associations 

(A) Contingency degradation paradigm. Mice received a dual-infusion of AAV-GFP or 
AAV-Rac1-DN into the DMS. After a recovery period, mice underwent IA20%2BC for 7 
weeks before being trained to operant self-administer alcohol. Mice were first trained on 
an FR1 schedule before progressing to a random ratio (RR) schedule of reinforcement. 
Under RR, mice received a reward after a random number of active lever presses within 
a range (e.g. RR2 1-3 presses, RR3 2-4 presses, RR4 3-5 presses).  Mice were trained 
for 5 sessions at each reinforcement step and spent 10 sessions at RR4 before testing. 
During the contingency degradation test, there were two types of sessions: non-degraded 
(ND) and degraded (D). During non-degraded sessions, rewards were delivered on an 
RR4 schedule. During degraded sessions, rewards were delivered at a rate equal to the 
average of the last week of training, but active lever presses had no effect. Testing 
consisted of a ND session followed by a D session, repeated three times. (B) Average 
active lever presses during ND and D testing sessions for AAV-GFP and AAV-Rac1-DN 
mice. (C) Average port entries during ND and D testing sessions for AAV-GFP and AAV-
Rac1-DN mice. Data represented as mean ± SEM and analyzed using two-way ANOVA 
with Šidák’s post hoc multiple comparisons test. ***p<0.001. n = 7 per group. 
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1.4.11 Rac1 in the DMS is not required for sucrose goal-directed learning  

Alcohol is often distinct from natural reward (Alhadeff et al., 2019; Nall et al., 2021; 

Martins et al., 2022), and Rac1 in the DMS is not activated in response to sucrose 

consumption (Figure 1.1I). We hypothesized that Rac1 in the DMS does not play a role 

in sucrose-dependent goal-directed learning. To test this hypothesis, the DMS of mice 

was first bilaterally infused with AAV-Rac1-DN or AAV-GFP (3.5x1012 vg/ml). Mice 

underwent IA20%2BC for 7 weeks to match the condition of alcohol self-administration. 

The mice were then trained to operant self-administer 1% sucrose, initially starting with 

an FR1 reinforcement schedule for 20 hours of training over four sessions before 

transitioning to 2-hour sessions. After 8 2-hour sessions of FR1, mice were advanced to 

an FR2 schedule (Figure 1.9A). We observed no difference between mice with AAV-

Rac1-DN and AAV-GFP overexpression in active lever pressing (Figure 1.9B), inactive 

lever pressing (Figure 1.9C), discrimination (Figure 1.9D), or proportion of rewarded 

lever presses (Figure 1.9E) (RM Two-way ANOVA: 1.9B Effect of virus F(1,11) = 4.651, p 

= 0.0540; Effect of session F(3.905, 42.36) = 5.335, p = 0.0015; Effect of virus x session 

F(13,141) = 0.9458, p = 0.5079; 1.9C Effect of virus F(1,11) = 0.2087, p = 0.6566; Effect of 

session F(2.224, 24.12) = 0.8833, p = 0.4364; Effect of virus x session F(13,141) = 0.6457, p = 

0.8119; 1.9D Effect of virus F(1,11) = 0.007081, p = 0.9344; Effect of session F(3.161, 34.29) = 

1.888, p = 0.1475; Effect of virus x session F(13,141) = 0.7552, p = 0.7057; 1.9E Effect of 

virus F(1,11) = 0.0001974, p = 0.9890; Effect of session F(3.512, 38.10) = 6.534, p = 0.0007; 

Effect of virus x session F(13,141) = 0.7314, p = 0.7298). These data suggest that Rac1 in 

the DMS does not affect learning of natural-reward-associated goal-directed behavior and 
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that the learning deficiency exhibited by AAV-Rac1-DN overexpression in the DMS is 

specific to alcohol-associated goal-directed learning.  

Figure 1.9. Rac1 in the DMS is not required for sucrose goal-directed learning 

(A) Operant self-administration of 1% sucrose paradigm. Mice underwent surgery to 
overexpress AAV-Rac1-DN or AAV-GFP in the DMS. After 3 weeks of recovery, mice 
underwent IA20%2BC for 7 weeks. 1% sucrose OSA began with 1 week of training and 
4 weeks of experimental tracking. Variables tracked during the session include (B) active 
lever presses and (C) inactive lever presses. (D) Discrimination and (E) proportion of 
rewarded lever presses were calculated. Data are represented as mean ± SEM and 
analyzed using RM Two-Way ANOVA. n =  7, 6. 
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1.4.12 Systemic Rac1 inhibition reduces binge alcohol drinking in male and female 

mice 

Inhibition of Rac1 specifically in the DMS did not lead to a reduction in voluntary 

drinking, although it disrupted alcohol-associated goal-directed learning. However, we 

have shown that Rac1 signaling is activated after alcohol drinking in at least one other 

region associated with AUD, the CeA, and it is likely activated in others. Therefore, we 

tested whether systemic Rac1 inhibition would reduce voluntary drinking in the 

IA20%2BC paradigm. 

Mice first underwent IA20%2BC for 7 weeks (Figure 1.10A). One hour before the 

first drinking session of the eighth week, mice were injected with Rac1 inhibitor 

NSC23766 (10mg/kg) (Gao et al., 2004) or saline as a control (Figure 1.10A). Alcohol 

drinking was measured 4 hours into the drinking session (binge) and at the end of the 

session. Groups were balanced by average alcohol consumption and the treatment was 

repeated within-subject one week later. We found that systemic Rac1 inhibition 

significantly reduced binge drinking in both male and female mice (Figure 1.10B, 1.10E) 

(Paired t-test: Male t(17) = 4.782, p = 0.0002; Female t(18) = 3.210, p = 0.0049). While male 

mice showed no reduction in total drinking after the 24-hour session (Figure 1.10C) 

(Paired t-test: t(17) = 1.975, p = 0.0648), female mice significantly reduced total drinking 

throughout the session after Rac1 inhibition (Figure 1.10F) (Paired t-test: t(18) = 3.598, p 

= 0.0021). In both male and female mice, total water drinking was unchanged by systemic 

Rac1 inhibition (Figure 1.10D, 1.10G) (Paired t-test: Male t(17) = 0.4487, p = 0.6593; 

Female t(18) = 0.4064, p = 0.6890). As systemic, but not intra-DMS, Rac1 inhibition 
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significantly reduced alcohol drinking, there is likely a region or combination of regions in 

male and females where Rac1 is contributing to voluntary alcohol-drinking behaviors. 

We next examined whether systemic Rac1 inhibition would significantly reduce 

sucrose consumption. Mice first underwent intermittent access to 0.3% sucrose two-bottle 

choice for 2 weeks. Mice were then injected with Rac1 inhibitor NSC23766 (10mg/kg) or 

saline one hour before the first session of the third week. The treatment was repeated 

within subject one week later. Male mice did not reduce binge or 24-hour sucrose drinking 

after systemic Rac1 inhibition (Figure 1.10H, 1.10I) (Paired t-test: Binge t(17) = 2.026, p = 

0.0588; 24-hour t(18) = 1.821, p = 0.0852). Together, these results suggest the reduction 

in alcohol drinking as a result of Rac1 inhibition is controlled by a mechanism not shared 

with natural reward.  

Finally, we examined the effect of Rac1 inhibitor NSC23766 on open-field 

locomotion. Male mice were injected with NSC23766 or saline and placed in a novel open-

field and allowed to explore for 20 minutes. The experiment was repeated within subject 

one week later. Total locomotion was unchanged in mice that received NSC23766 (Figure 

1.10J) (Paired t-test: t(15) = 1.297, p = 0.2143). These results lead us to conclude that 

systemic Rac1 inhibition is not affecting motor activity, and therefore the reduction in 

alcohol drinking is not due to hypolocomotion.   
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Figure 1.10. Systemic Rac1 inhibition reduces binge alcohol drinking in male and 
female mice 

(A) Experimental timeline. Rac1 inhibitor NSC23766 was administered systemically via  
an i.p. injection one hour before the first session of the eighth week of IA20%2BC. The 
experiment was repeated within subject one week later. Alcohol drinking was measured 
4 hours into the session (binge) or at the end of the session (B) Male mice significantly  
(figure caption continued on next page) 
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(figure caption continued from previous page) 
reduced alcohol binge drinking after Rac1 inhibition. (C) Male mice total session drinking 
was unaffected by Rac1 inhibition. (D) Male water consumption throughout the session 
was unaffected by Rac1 inhibition. (E-G) Rac1 inhibition significantly reduced both binge 
(E) and total (F) alcohol drinking in female mice, without affecting total water drinking (G). 
(H-I) Male mice did not reduce binge (H) or 24-hr (I) consumption of 0.3% sucrose in 
response to systemic Rac1 inhibition. (J) Locomotion of male mice in the open field test 
was unaffected by Rac1 inhibition. Data are represented as mean ± SEM and analyzed 
using paired two-tailed t-test. **p<0.01, ***p<0.001, ns, non-significant. n =  16-19. 
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1.5 Discussion  

We show herein that Rac1 signaling is activated in the DMS in response to long 

term excessive alcohol drinking of male mice. We further show that the consequences of 

alcohol-mediated Rac1/LIMK/cofilin signaling in the DMS are the formation of F-actin and 

the alteration of dendritic spine morphology. Finally, we present data to suggest that Rac1 

in the DMS plays a role in alcohol-associated goal-directed learning. Together, our results 

suggest that Rac1 in the DMS plays an important role in molecular and morphological 

adaptations that promote alcohol-dependent learning behavior. 

 

1.5.1 Rac1 is activated in the DMS after alcohol consumption 

We found that Rac1 signaling is activated specifically in the DMS of male mice in 

response to long-term drinking of alcohol which was observed during the 4-hour binge 

drinking session and was still detected after 24 hours of withdrawal. The mechanism by 

which alcohol activates Rac1 in the DMS is unknown, and the sequence of events is 

unclear, e.g. is the binge or withdrawal session that initiates the activation of Rac1? Rac1 

is activated by NMDA receptor stimulation in rat cortical and hippocampal neurons (Tolias 

et al., 2005; Xiao et al., 2013). Previously, we found that ex vivo and in vivo exposure to, 

and withdrawal from, alcohol induces long-term facilitation of GluN2B-containing NMDA 

receptor activity specifically in the DMS (Wang et al., 2007; Wang et al., 2010). 

Glutamatergic tone is increased in cortical regions that project to the striatum of humans 

and rats during acute alcohol withdrawal (Hermann et al., 2012; Hwa et al., 2017). 

Therefore, it is very plausible that Rac1 is first activated during withdrawal through the 

activation of GluN2B receptors in the DMS, and that its activity is maintained during the 



 54 

alcohol drinking session. The long-lasting activation of Rac1 in the DMS in response to 

alcohol could be due to increased level and/or activity of one or both of its specific GEFs, 

Tiam1 and/or Karilin-7 (Tolias et al., 2005; Xie et al., 2007) or because of a reduction of 

the level and/or activity of its specific GAPs (Toure et al., 1998; Garcia-Mata et al., 2006; 

Peru et al., 2012; Nakamura, 2013).  

Model 2. Upstream activation of Rac1 by NMDAR signaling 

Model 2 is the proposed mechanism of Rac1 activation during long-term excessive 

alcohol drinking, adapted from (Tolias et al., 2005). The NMDAR is a major target of 

alcohol (Kumari and Ticku, 2000; Ron, 2004). Initially, alcohol consumption facilitates the 

inhibitory actions of GABA and inhibits the excitatory effects of glutamate, leading to well-

known behavioral phenotypes, such as disinhibition, hyperlocomotion, and anxiolysis 

(Becker and Mulholland, 2014; Dharavath et al., 2023). Repeated alcohol exposure leads 

to compensatory changes in these systems, reducing GABA release, altering 

postsynaptic GABA receptor composition, enhancing glutamate release, and increasing 
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NMDAR function (Lovinger and Roberto, 2013; Becker and Mulholland, 2014). These 

compensatory changes lead to a hyperglutamatergic state during withdrawal, which alters 

synaptic plasticity (Chandler et al., 2006; Zorumski et al., 2014). This proposed 

mechanism of Rac1 activation relies on this hyperglutamatergic state. CaMKII is activated 

in response to NMDAR stimulation (Lisman et al., 2002), and CaMKII phosphorylates 

Tiam1, leading to Tiam1-dependent Rac1 activation (Fleming et al., 1999) (Model 2). 

Tolias et al. confirm that calcium influx through the NMDAR induces both Tiam1 

phosphorylation and Rac1 activation (Tolias et al., 2005). This process contributes to actin 

cytoskeletal remodeling and dendritic spine maturation (Tolias et al., 2005).  

Another plausible explanation for alcohol-mediated Rac1 activation in the DMS is 

that withdrawal from IA20%2BC might trigger activation of a DMS-specific circuit by 

activating only neurons projecting to the DMS. For example, Ma et al. observed an 

increase in glutamatergic transmission from mPFC neurons projecting to the DMS in 

alcohol- but not water-drinking rats (Ma et al., 2017). In addition, chronic IA20%2BC 

drinking was shown to alter instrumental learning by affecting the thalamus-to-DMS circuit 

(Ma et al., 2022). Further work is required to unravel the specificity of inputs and their 

interaction with alcohol. 

Furthermore, ~95% of the DMS MSNs express either dopamine D1 receptors (D1) 

or dopamine D2 receptors (D2) (Gerfen and Surmeier, 2011; Calabresi et al., 2014; 

Cheng et al., 2017). Alcohol increases the complexity of dendritic branching and 

maturation of dendritic spines selectively in D1 but not D2 DMS MSNs (Wang et al., 2015). 

Since the inhibition of endogenous Rac1 attenuates alcohol-dependent re-structuring of 
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DMS MSNs, we speculate that alcohol-mediated Rac1 signaling is specifically localized 

to D1 neurons. This possibility will be determined in future studies. 

Interestingly, we did not detect Rac1 activation in response to alcohol drinking in 

the DMS of female mice. While Rac1 is not activated in the DMS of female mice in 

response to alcohol drinking, this does not exclude Rac1 from being activated by alcohol 

in other brain regions, such as the amygdala or hippocampus, where Rac1 is involved in 

learning and memory (Martinez et al., 2007; Haditsch et al., 2009; Wu et al., 2014; Gao 

et al., 2015). Further investigation is required to unravel the mechanisms controlling sex-

specificity in Rac1 signaling.  

 

1.5.2 Rac1 in the DMS promotes alcohol-dependent morphological adaptations 

We previously showed that the complexity of dendritic branching is increased by 

alcohol (Wang et al., 2015; Laguesse et al., 2018). Here, we replicated the data of both 

studies and showed that Rac1 is responsible for DMS MSNs dendritic complexity. 

However, because Rac1-DN significantly decreased dendritic arborization in both water- 

and alcohol-drinking animals, we cannot definitively conclude that Rac1 contributes to 

alcohol-dependent alteration of dendritic tree complexity, but based on the finding that 

Rac1 inhibition significantly alters F-actin content, this possibility is highly likely.  

Rac1 is involved in the maturation and morphogenesis of dendritic spines 

(Nakayama et al., 2000; Tashiro et al., 2000; Pennucci et al., 2019; Costa et al., 2020). 

In addition to the DMS, (Wang et al., 2015; Laguesse et al., 2018) and data herein, alcohol 

exposure affects dendritic spine morphology in cortical regions such as the medial 

prefrontal cortex (mPFC) (Cannady et al., 2021), and the orbitofrontal cortex (OFC) 
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(McGuier et al., 2015). Therefore, it is plausible that the activation of Rac1 may also be 

the molecular mediator of alcohol-dependent structural plasticity in cortical regions. 

Interestingly, Rac1 was reported to play a role in cocaine-dependent 

neuroadaptations in other striatal regions. Specifically, Dietz et al. reported that cocaine-

dependent increase in NAc thin spine density was mediated by Rac1 (Dietz et al., 2012), 

whereas Li et al. showed that the cocaine-dependent increase of Rac1 signaling in the 

dorsal striatum leads to dendritic spine maturation (Li et al., 2015). Cocaine also 

increases actin cycling through LIMK/cofilin signaling in the NAc (Toda et al., 2006). Tu 

et al. observed that decreased Rac1 signaling is required for METH-mediated spine 

density and maturation in the NAc (Tu et al., 2019). Here, the increase in dendritic 

maturation after alcohol drinking in the DMS is shown to be Rac1-dependent. These 

findings suggest that drugs of abuse are altering Rac1 signaling in a drug- and subregion-

dependent manner. 

 

1.5.3 Rac1 and alcohol-associated behaviors 

We found that Rac1 in the DMS does not play a role in voluntary drinking behavior. 

It is not unusual that alcohol-mediated signaling controls a specific behavior without 

affecting voluntary drinking. For example, inhibition of mTORC1 activity in the OFC 

attenuates habitual alcohol seeking without affecting IA20%2BC consumption (Morisot et 

al., 2019b). Furthermore, lack of toll-like receptor 4 (TLR4) does not alter alcohol 

consumption or preference (Blednov et al., 2017a), but does significantly reduce the 

duration of loss of righting reflex and recovery from alcohol-induced motor incoordination 
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(Blednov et al., 2017b). Although Rac1 signaling in the DMS does not mediate voluntary 

drinking behavior, its activation may be involved in other alcohol-related behaviors.  

The DMS primarily mediates goal-directed behaviors (Yin et al., 2005; Balleine and 

O'Doherty, 2010; Everitt and Robbins, 2013; Gremel and Costa, 2013), which play a 

major role in the addiction cycle (Hogarth, 2020). Here, we showed that Rac1 inhibition 

in the DMS impairs active lever discrimination and leads to a reduction in the proportion 

of lever presses leading to a reward, suggesting a failure to learn the association between 

an active lever press and alcohol reward. The elevated inactive lever presses are unlikely 

to have resulted from increased locomotor activity, as Rac1 inhibition did not affect 

locomotion. However, we found that AAV-Rac1-DN mice are insensitive to contingency 

degradation, implying a failure to learn the goal-directed behavior of pressing the active 

lever to receive an alcohol reward. Therefore, Rac1 in the DMS is required for alcohol-

specific goal-directed action-outcome contingency or outcome value learning. While the 

debate persists regarding the role of goal-directed vs. habitual behavior in addiction, a 

large body of evidence suggest that drug seeking is driven by goal-directed behavior 

(Hogarth, 2020; Vandaele and Ahmed, 2021). The loss of goal-directed behavior in 

response to Rac1 inhibition in the DMS does not necessarily imply a transition to habitual 

behavior, which requires additional tests such as assessment of stimulus-response 

association (Turner and Balleine, 2024). Further work is required to investigate Rac1’s 

role in goal-directed behavior.  

Interestingly, this learning deficit is specific for alcohol, as Rac1 inhibition in the 

DMS did not affect the learning of active lever association with sucrose reward. This 

phenotype could be the result of disrupting the Rac1 signaling reinforcing active lever 
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preference (“GO”) or the avoidance of undesired action (“NO-GO”) (Cheng et al., 2017). 

The normal physiological role of Rac1 in the DMS is unknown. Rac1 has been linked with 

learning and memory in other regions such as the hippocampus, where it is required for 

spatial learning (Haditsch et al., 2009). Rac1 in the hippocampus also mediates reversible 

forgetting (Lv et al., 2019), contributing to the long-term maintenance of memory 

behaviors like contextual-fear conditioning and object recognition (Lv et al., 2019).   

To our knowledge, this is the first study unveiling a molecular mechanism involved 

in alcohol-specific goal-directed learning. Prior studies have investigated the mechanisms 

of goal-directed learning in the context of food and sucrose seeking in the rodent striatum 

(Hart et al., 2018; Matamales et al., 2020; Peak et al., 2020). For example, using 

chemogenetics, Peak et al. found that D1R MSNs in the posterior DMS were critical for 

sucrose goal-directed learning (Peak et al., 2020), and Matamales et al. have shown that 

striatal-dependent goal-directed learning for food involves ensembles of D1R MSNs, 

controlled and modified by D2R MSNs (Matamales et al., 2020). It is tempting to speculate 

that specific sucrose or alcohol ensembles exist within the DMS. With Rac1 signaling 

contributing to alcohol but not sucrose self-administration, our results provide support to 

the notion that natural reward and alcohol drug reward mechanisms are different (Alhadeff 

et al., 2019).  

In summary, in this study we unraveled that alcohol drinking increases Rac1 

signaling in the DMS, leading to the alcohol-mediated maturation of dendritic spines and 

to alcohol-dependent goal-directed behavior learning processes. As goal-directed 

behavior is a major contributor to the cycle of addiction (Hogarth, 2020), unraveling the 

molecular foundation of goal-directed behavior, as explored in this study, bears profound 
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importance for both basic science and the discovery of novel medications aimed at 

treating AUD.  
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1.6 Future Directions 

 In this chapter, we discovered that Rac1 is activated in response to chronic alcohol 

drinking specifically in the DMS of male mice, but not female mice. Related, we noticed 

an activation of Rac1 after alcohol exposure in the CeA of male mice, showcasing the 

subregion-specific activation of alcohol-dependent Rac1 signaling. Therefore, the primary 

direction of future studies is to investigate which other subregions have increased Rac1 

signaling in response to excessive alcohol drinking in both male mice and female mice. 

 Discovering subregions where Rac1 is active in response to alcohol drinking will 

likely have implications for alcohol-associated behaviors. We observed that systemic 

Rac1 inhibition reduces alcohol drinking in both male and female mice. Also, we show 

that Rac1 in the DMS is contributing to alcohol-associated goal-directed behavior in male 

mice. However, this activation does not control voluntary drinking. Together, these data 

imply that Rac1 signaling in another subregion, or perhaps a combination of regions, is 

reinforcing voluntary drinking behaviors in both male and female mice. Similarly, perhaps 

Rac1 signaling is associated with other alcohol-associated behaviors. For example, its 

activation in the CeA may be contributing to the symptoms associated with withdrawal, 

like increased anxiety. Indirectly, Rac1 signaling in the CeA may lead to increased binge 

drinking to alleviate these withdrawal symptoms.  

Additionally, the upstream activation of Rac1 must be examined. Although it is 

proposed that increased NMDAR signaling during withdrawal is leading to Rac1 

activation, this must be examined directly. Furthermore, it would be interesting to explore 

the specific GEF and GAP profile leading to Rac1 activation and inactivation, respectively. 

The inhibition methods utilized here, NSC23766 and Rac1-DN, both affect the activation 
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of Rac1 by disrupting GEF binding. However, if Rac1 is being activated during withdrawal, 

and this activation is long-lasting, the inhibition of inactivation of Rac1 may be a significant 

factor in Rac1’s role in the progression of AUD. This question requires investigation into 

the profile of GAPs inactivating Rac1. The subregion-specificity of GAPs may also explain 

the specific activation profile of Rac1 signaling in response to long-term drinking.   
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Table 1.1. Average Alcohol Consumption for biochemical experiments 

  

Figure Average Consumption (g/kg/24hr) SEM (±g/kg/24hr) 
1.1B NAc 13.38 1.025 
1.1C DLS 13.38 1.060 
1.1D DMS 14.53 0.982 
1.1E Female DMS 19.59 0.979 
1.1F RhoA 12.31 0.4461 
1.1G Cdc42 13.67 0.7354 
1.1H 10%CA 8.787 0.2611 
1.1J pLIMK pCofilin 15.34 0.5169 
1.2H-M AAV-GFP 14.00 0.7264 
1.2H-M AAV-Rac1-DN 13.68 0.4589 
1.3,4 AAV-GFP 10.63 0.5058 
1.3,4 AAV-Rac1-DN 10.88 1.223 
1.6 AAV-GFP 12.10 0.7463 
1.6 AAV-Rac1-DN 12.36 1.046 
E1.1-1 4wk DMS 12.560 1.678 
1.1I Sucrose 174.81 (ml/kg) 17.87 (ml/kg) 
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1.7 Materials and Methods 

Antibodies 

Rabbit anti-pLIMK (#ab38508) antibodies were purchased from Abcam (Waltham, MA). 

Chicken anti-GFP (#A10262) antibodies were purchased from Life Technologies 

(Carlsbad, CA). Rabbit anti-LIMK1 (#3842S), Cofilin (#3312S), pCofilin Ser3 (#3311S), 

RhoA (#6789S), Cdc42 (#2246S) antibodies were purchased from Cell signaling 

technology (Danvers, MA). Mouse anti-GAPDH (#G8795) antibodies, anti-actin (#A2228) 

antibodies, phosphatase inhibitor Cocktails 2 and 3 were from Sigma Aldrich (St. Louis, 

MO). Mouse anti-Rac1 antibodies (#ARC03), the G-Actin/F-Actin assay kit (BK037), the 

Rac1 pull-down activation assay kit (#BK035), the RhoA pull-down activation assay kit 

(#BK036), and the Cdc42 pull-down activation assay kit (#BK034) were purchased from 

Cytoskeleton, Inc. (Denver, CO). Nitrocellulose membranes and Enhance 

Chemiluminescence (ECL) were purchased from Millipore (Burlington, MA). EDTA-free 

complete mini–Protease Inhibitor Cocktails were from Roche (Indianapolis, IN). Pierce 

bicinchoninic acid (BCA) protein assay kit was purchased from Thermo Scientific 

(Rockford, IL). Ethyl alcohol (190 proof) was purchased from VWR (Radnor, PA). 

NuPAGE Bis-Tris precast gels were purchased from Life Technologies (Carlsbad, CA). 

Donkey anti-rabbit horseradish peroxidase (HRP) and donkey anti-mouse HRP 

conjugated secondary antibodies were purchased from Jackson ImmunoResearch (West 

Grove, PA). The donkey anti-mouse IgG AlexaFluor 564 and donkey anti-chicken 

AlexaFluor 488 antibodies were purchased from Life Technologies (Carlsbad, CA).  

 

 

https://www.google.com/search?biw=1280&bih=907&q=Radnor+Pennsylvania&stick=H4sIAAAAAAAAAOPgE-LUz9U3sMiKT7JU4gIxjQqMk4uytbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAA3oA2VFAAAA&sa=X&sqi=2&ved=0ahUKEwjzwPr758rLAhUJ32MKHVk8CEMQmxMImgEoATAR
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Animals 

Male and female C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) arrived at 6-8 

weeks old and were allowed one week of habituation before experiments began. Mice 

were housed individually in a reversed 12-hour light-dark cycle room (lights on at 22:00/off 

at 10:00) that was temperature- and humidity-controlled. Unrestricted amounts of food 

and water were provided. Animal procedures were approved by the UCSF Institutional 

Animal Care and Use Committee (IACUC). 

 

Preparation of solutions  

Alcohol solution was prepared from an absolute anhydrous alcohol solution (190 proof) 

diluted to 20% (v/v) in tap water for alcohol-drinking experiments. Sucrose solution (1%) 

was dissolved in tap water (w/v). 

 

Collection of brain samples for biochemical analyses  

Mice were euthanized 4 hours after the beginning of the last drinking session (“binge” 

timepoint) or 24 hours after the last drinking session (“withdrawal” timepoint). Brains were 

removed and dissected on an ice-cold platform into 1mm sections, and specific 

subregions were dissected based on Allen Brain Atlas anatomy. 

 

Western blot analysis  

Tissue was homogenized in ice-cold radio immunoprecipitation assay (RIPA) buffer (in 

mM: 50 Tris-HCL, 5 EDTA, 120 NaCl, and 1%NP-40, 0.1% deoxycholate, 0.5% SDS, 

proteases and phosphatases inhibitors). Samples were homogenized using a sonic 
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dismembrator. Protein content was determined using BCA™ protein assay kit. Thirty µg 

of each tissue lysate was loaded for separation by SDS-PAGE then transferred onto 

nitrocellulose membrane at 300mA for 2 hours. Membranes were blocked with 5% milk-

PBS containing 0.1% Tween 20 at room temperature (RT) for 30 minutes and then probed 

with the appropriated primary antibodies overnight at 4ºC. The membranes were washed 

and probed with HRP-conjugated secondary antibodies for one hour at room temperature. 

Membranes were developed using the enhanced chemiluminescent reagent (ECL) and 

band intensities were quantified using ImageJ software (NIH). 

 

Small G-protein activation assay 

Small G-protein activity was determined using the Rac1, RhoA, or Cdc42 activation in 

vivo assay biochemical kits for the respective protein (Cytoskeleton Inc., Denver, CO). 

The tissues were lysed in lysis buffer (50mM Tris-HCl pH7.4, 450mM NaCl, 1% Triton X-

100) containing protease and phosphatase inhibitor cocktail. Thirty µg of each lysate was 

incubated with 10 µL PAK Rac1/Cdc42 binding domain (PAK-PBD)-agarose beads for 

Rac1 and Cdc42, or 15 µL Rhotekin Rho binding domain (Rhotekin-RBD)-agarose beads 

for RhoA, for 16 hours. For the control, the same amount of lysate was incubated with 

GDP or GTP for 15 minutes followed by incubation with PAK-PBD or Rhotekin-RBD-

agarose beads for 16 hours. The beads were washed twice with washing buffer followed 

by boiling in 30 µL 2X sample loading buffer. The samples were analyzed by western blot. 
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F-actin/G-actin assay 

F-actin and G-actin content was measured using the G-actin/F-actin in vivo assay 

biochemical kit (Cytoskeleton Inc., Denver, CO) as previously described in (Laguesse et 

al., 2018) with slight modification. Tissue punches were homogenized in 250 µL cold 

LAS02 buffer containing protease and phosphatases inhibitors and centrifuged at 350g 

for 5 minutes at 4ºC to remove cellular debris. Protein concentrations were determined in 

the supernatant using BCA™ protein assay kit. Supernatant was centrifuged at 15,000g 

for 30 minutes at 4ºC and the new supernatant contained soluble globular actin (G-actin). 

The insoluble filamentous actin (F-actin) in the pellet was then resuspended and 

incubated on ice for 1 hour in 250 µL F-actin depolymerization buffer, with gently mixing 

every 15 minutes. Samples were centrifuged at 15,000g for 30 minutes at 4ºC and this 

supernatant was used to measure F-actin content by western blot. Twenty µL of the G-

actin fraction and 40 µL of the F-actin fractions were loaded and analyzed by western 

blot. 

 

Adeno-associated viruses  

AAV2-Rac1-DN-GFP (AAV-Rac1-DN; 3.5x1012 vg/ml) was produced by the Duke Viral 

Vector Core (Durham, North Carolina). The plasmid containing the T17N Rac1 mutation 

(plasmid #22784, pCyPet-Rac1(T17N)) and AAV-GFP 

(pAAV.CMV.PI.EGFP.WPRE.bGH; 1.6x1013 vg/ml) were purchased from Addgene. AAV-

GFP was diluted to match the concentration of AAV-Rac1-DN. 
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Confirmation of AAV-Rac1-DN in cells 

HEK293 cells were plated at 120,000 cells per well on a 12-well-plate. The media was 

changed to 1% FBS-DMEM 24 hours prior to the infection. The cells were then infected 

with 2 µL of AAV-Rac1-DN virus (3.5x1012 vg/ml). Seventy-two hours after the infection, 

cells were incubated with 10% FBS for 30 minutes. The cells were lysed and analyzed by 

western blot. 

 

Stereotaxic surgery  

Mice were anesthetized using vaporized isoflurane and were fixed in a stereotaxic frame 

(David Kopf Instruments). To overexpress the virus in the entirety of the DMS, bilateral 

microinfusions were accomplished using stainless steel injectors (33 gauge; Small Parts 

Incorporated) connected to Hamilton syringes (10 µL, 1701) at two sites in the DMS 

(anteroposterior (AP) +1.1 mm, mediolateral (ML) ± 1.2 mm, dorsoventral (DV) -3 mm 

and AP +0.66 mm, ML ± 1.2 mm, DV -2.8 mm measured from bregma). Animals received 

a 1μL bilateral infusion of AAV-GFP or AAV-Rac1-DN-GFP (3.5x1012 vg/ml) at an infusion 

rate of 0.1μL/min controlled by an automatic pump (Harvard Apparatus). The injectors 

were left at the infusion site for 10 minutes after the conclusion of the infusion to allow the 

virus to diffuse.  

To image single neurons, a low-titer (7x109 - 3.5x1010 vg/ml) of AAV-GFP or AAV-Rac1-

DN-GFP was infused into the DMS (AP +1.1 mm, ML ± 1.2 mm, DV -2.8 mm). 0.5μL of 

each virus was infused bilaterally at a rate of 0.1μL/min. Injectors were left in place for 10 

minutes for viral diffusion.  
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In vivo confirmation of viral expression 

After the conclusion of an experiment, animals were euthanized by cervical dislocation 

and the brains were removed. The brain was dissected on ice into 1-mm-thick coronal 

sections and green fluorescent protein (GFP) was visualized and imaged using an EVOS 

FL tabletop fluorescent microscope (ThermoFisher Scientific, Waltham, MA). Mice with 

surgeries that failed to elicit viral overexpression were excluded from the study. 

 

Immunostaining  

Mice were euthanized by transcardial perfusion with 0.01M PBS followed by 4% 

paraformaldehyde (PFA) in phosphate buffer, for 5 minutes each step. Brains were 

removed and postfixed in 4% PFA for 24 hours before being transferred to a 30% sucrose 

solution for 3 days. Brains were then frozen rapidly on dry ice before being coronally 

sectioned into 100 μm sections using a Leica CM3050 cryostat (Leica Biosystems, 

Richmond, IL). Slices were placed in 0.01M PBS and the ones containing the site of 

infection were selected to be stained. Sections were blocked with 5% normal donkey 

serum for 4 hours. Slices were incubated in the primary antibody over 48 hours at 4°C on 

an orbital shaker. After primary antibody incubation, slices were washed 3 times for 45 

minutes each in PBS before secondary antibody incubation overnight at 4°C on an orbital 

shaker. There was another cycle of washing before placing the slices onto Superfrost 

Plus microscope slides (Fisher Scientific, Hampton, NH) and mounting slides using 

Prolong Gold mounting medium (ThermoFisher Scientific, Waltham, MA). Slides were 

allowed 24 hours to dry before the edges were sealed to prevent dehydration.  
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Morphological analysis 

Low titer of AAV-GFP or AAV-Rac1-DN (7x109 - 3.5x1010 vg/ml) was infused bilaterally 

into the DMS. After 1 week of recovery, mice underwent 7 weeks of IA20%2BC. Twenty-

four hours after the last drinking session, mice were euthanized, perfused, processed, 

and 100 µm coronal sections were collected. Images of GFP-stained DMS neurons were 

acquired with a spinning disk confocal microscope with a 40x objective and a Z-interval 

of 1μm (Nikon, Tokyo, Japan). Images were deconvoluted using AutoQuantX (v3.1.3, 

Media cybernetics, Inc, Rockville, MD), and GFP neurons were traced using Neurolucida 

software (MBF Biosciences, Williston, VT).  

Scholl analysis: Dendritic branches were quantified using Sholl analysis (Sholl, 1953). 

Starting radius of dendritic branches was 10μm and end radius was 160μm from the 

center of the soma with an interval of 10μm between radii. Cell body area was measured 

using Fiji software (NIH).  

Spine Analysis: Images of GFP-stained DMS neurons were acquired with a spinning disk 

confocal microscope with a 100x objective and a Z-interval of 0.1μm (Nikon, Tokyo, 

Japan). Only distal dendrites (3rd or 4th order) were analyzed. Morphological properties 

were analyzed using Imaris software (Oxford Instruments, Concord, MA). Dendritic spines 

were classified based on a combination of length and head and neck morphology. Spines 

were classified into four subtypes as in (Laguesse et al., 2018): filipodia (>2μm length, 

indiscernible head), stubby (<1μm length, no visible neck), mushroom (>0.4μm head 

width, short neck), thin (head width <0.4μm, long neck).  
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Behavioral paradigms 

2-bottle choice drinking paradigms  

Intermittent access to 20% alcohol (IA20%2BC): The paradigm was conducted as 

described in (Laguesse et al., 2017). Mice were given 24-hour access to one bottle of 

20% alcohol (v/v) in tap water or one bottle of water. Drinking sessions started at 11:30AM 

Monday, Wednesday, and Friday with 24- or 48-hour (weekend) withdrawal periods in 

between during which only water was available. The bottles were alternated each session 

to prevent a side preference from developing. The bottles were weighed at the end of 

each session and adjusted for spill. Mice were weighed once a week. Animals that drank 

over 7g/kg/24hr were included in the study. See Table 1 for average values in each of 

the experiments. Percentile of alcohol preference (preference index) was calculated by 

dividing the amount of alcohol drank to the amount of water+alcohol X100.  

Intermittent access to 1% sucrose: Mice had access to a 2-bottle choice between water 

and 1% sucrose three days a week for 24-hour periods for two weeks (Laguesse et al., 

2017). Bottles were weighed at the end of each session and switched in between. 

Between sessions, only water was available. The bottle weights were spill-adjusted after 

each session. Mice were weighed weekly, and 1% sucrose consumption was measured 

in milliliters per kilogram of bodyweight (ml/kg). Food was available ad libitum.  

Continuous access to 10% alcohol: Mice had access to a bottle of 10% alcohol (v/v) in 

tap water and a bottle of water for 24 hours a day for 3 weeks (21 drinking sessions) 

(Laguesse et al., 2017) Bottles were removed and weighed daily. Bottle positions were 

alternated to reduce side preference development. The bottle weights were spill-adjusted 
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after each session. Mice were weighed weekly and alcohol consumption was calculated 

for each in grams per kilogram.  

Chronic Intermittent Exposure (CIE): CIE was conducted based on protocols previously 

established in (Becker and Lopez, 2004). Alcohol (95%) was volatized and mixed with air 

before being delivered to Plexiglass inhalation chambers (60 x 36 x 60 cm) at a rate of 10 

liters/minute. The rate of alcohol delivery maintained an ethanol concentration in the 

chamber in the range of 15-20 mg/L of air, which was measured via breathalyzer before 

placing mice in the chamber and removing mice from the chamber. Before mice were 

added to the CIE chamber, intoxication was initialized with an i.p. injection of alcohol 

(1.6g/kg) and blood alcohol concentration (BAC) was stabilized with administration of 

alcohol dehydrogenase inhibitor pyrazole (1mmol/kg). “Air” control mice received identical 

handling, but received a saline and pyrazole injection, and alcohol vapor in the chamber 

was replaced with water vapor. Mice were placed in the chambers at 17:00 for a 16-hour 

exposure period and removed at 9:00 the next day. After an 8-hour withdrawal period, the 

process was repeated. Mice underwent 72-hour withdrawal periods during weekends. 

BAC was measured weekly and at the end of the experimental exposure.  

 

Operant self-administration (OSA) paradigms 

Alcohol operant self-administration: OSA was conducted as described in (Laguesse et 

al., 2017). Mice underwent stereotaxic surgery and IA20%2BC for 7-8 weeks as 

described above. Prior to training, animals were handled for 1-2 minutes per day for 3 

consecutive days. OSA was conducted during the dark phase of the reverse light/dark 

cycle in operant chambers (length: 22 cm, width: 20 cm, height: 14 cm). OSA boxes were 
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connected to a computer running MED-PC to control and record session activity. The 

operant chambers (Med-Associates; Georgia, VT) had two levers (length: 1.5 cm, 

distance between: 11 cm, height above floor: 2.5 cm) on one wall. The operant chambers 

were also equipped with a reward port between the levers (height above floor: 0.5 cm) 

that included a photo-beam to track port entries. Upon reward delivery, a 3-second tone 

(2900Hz) and a cue-light above the reward port was activated. To receive a reward, the 

mouse must press the active lever in a fixed-ratio 1 (FR1) schedule, where one active-

lever press leads to one reward. A successful completion of this condition resulted in a 

delivery of 10 µL of 20% alcohol to the reward port. The mouse must enter the reward 

port twice to reactivate the active lever, ensuring consumption of the reward. Animals 

received a total of 20 hours of training time in the paradigm in the first week (two 6-hour 

and two 4-hour sessions) before transitioning to 2-hour afternoon sessions that began 

consistently at 13:00. After 8 2-hour FR1 sessions, the complexity of the task was 

increased to FR2, where two active lever presses were required for one reward. Active 

lever presses, inactive lever presses, port entries, and reward deliveries were measured. 

Consumption was normalized based on mouse body weight and rewards administered. 

Discrimination index was calculated as the percentage of active lever presses divided by 

total presses. The proportion of reward lever presses statistic was calculated by 

comparing lever presses that led to a reward to total lever presses, including inactive lever 

presses. Mice with low viral expression were excluded from the study.   

Contingency degradation: The contingency degradation experiment was conducted as 

previously described in (Morisot et al., 2019a). Mice were first trained in the OSA boxes 

on an FR1 schedule of reinforcement with 20% alcohol. Mice completed three 6-hour 
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sessions and three 4-hour sessions before transitioning to 2-hour sessions starting at 

13:00. After two 2-hour sessions under the FR1 schedule, mice progressed to random 

ratio (RR) training. During RR OSA, rewards were delivered following a random number 

of lever presses. Mice completed five sessions under RR2 (one reward delivery following 

an average of two lever presses with number of presses ranging from one to three), 

followed by five sessions of RR3 (number of presses ranged from two to four), and ten 

sessions of RR4 (number of presses ranged three to five). After completion of training, 

mice underwent two types of contingency degradation testing sessions, non-degraded 

(ND) and degraded (D). During ND sessions, active lever pressing led to the same cue 

and reward delivery as RR4 training. However, during D sessions, active lever pressing 

had no outcome, and rewards were delivered regularly throughout the session, 

determined by the average reward delivery rate of the last five RR4 training sessions. 

One mouse was excluded due to low viral expression.   

Sucrose operant self-administration: OSA of 1% sucrose was slightly modified from 

conditions described in (Laguesse et al., 2017). Specifically, mice underwent stereotaxic 

surgery to overexpress AAV-GFP or AAV-Rac1-DN-GFP in the DMS. After allowing for 

viral overexpression, mice began 1% sucrose self-administration training in the chambers 

previously described with two 6-hour and two 4-hour training sessions in the first week. 

Animals were handled for 1-2 minutes daily for 3 consecutive days before training began. 

They then transitioned to 2-hour afternoon sessions that began consistently at 13:00. 

After 8 2-hour FR1 sessions, the mice transitioned to FR2. Mice with low viral expression 

were excluded from the study.   
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Open-field test 

Mice infected with either AAV-GFP or AAV-Rac1-DN were placed in an open field (43cm 

x 43cm) in low-light conditions and allowed to explore for 20 minutes (Warnault et al., 

2016). Locomotor activity was tracked using EthoVision XT software (Noldus, Leesburg, 

VA), and total movement (cm) was reported.  

 

Data analysis 

GraphPad Prism 9 and MATLAB were used for statistical analysis.  

Biochemical analysis: Data were analyzed using the appropriate statistical test, including 

one-way ANOVA, two-way ANOVA, three-way ANOVA, or two-tailed t-test for normal 

populations, or Kruskal-Wallis for non-normal populations. Post hoc testing was done 

using Šidák’s multiple comparisons test. For data represented in Figures 1.3 and 1.4, 

statistical analysis was separated by independent variable. 

IA20%2BC numbers are expressed as the mean ± SEM consumption over the final two 

weeks (Table 1.1). Data was first tested for normality using the Shapiro-Wilk normality 

test with accompanying QQ plot. Parametric tests were performed on data samples 

deemed to be derived from normal populations. The results were determined to be 

statistically significant if the resulting p-value was less than 0.05. 

Behavioral analysis: IA-2BC and OSA data were analyzed using a two-way repeated-

measures ANOVA, followed by post hoc Šidák’s multiple comparisons test. A two-tailed 

t-test was performed on the open-field locomotion. The results were determined to be 

statistically significant if the resulting p-value was less than 0.05.   
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Introduction to Chapter 2 

Chapter 2 of this dissertation examines the physiological role of a protein that has 

been previously identified in mechanisms underlying AUD, Prosapip1. Our lab previously 

investigated Prosapip1 in the NAc, where it was found to control synaptic adaptations that 

drive alcohol intake, seeking, and reward (Laguesse et al., 2017). Laguesse et al. found 

that translation of Prosapip1 was significantly increased in an mTORC1-dependent 

manner in the NAc in response to alcohol drinking. This increase in translation led to an 

increase in synaptic protein levels that was sustained through withdrawal. The elevated 

levels of Prosapip1 protein led to the formation of F-actin which, in turn, caused the 

maturation of dendritic spines. Finally, it was shown that Prosapip1 drives alcohol self-

administration and seeking. While this important work ties Prosapip1 in the NAc to 

mechanisms underlying AUD, nothing is known about the normal physiological role of 

Prosapip1. Here, we provide evidence that physiological role of Prosapip1 is to control 

PSD scaffolding, LTP, and learning and memory processes in the dorsal hippocampus.  
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Chapter 2 

Prosapip1 in the dorsal hippocampus mediates long-term potentiation and spatial 

memory 

Contributing Authors: Zachary W. Hoisington, Himanshu Gangal, Khanhky Phamluong, 

Gregg E. Homanics, Jun Wang, and Dorit Ron 
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2.1 Abstract 

 Prosapip1 is a brain-specific protein localized to the post-synaptic density, where 

it has been shown to affect dendritic spine maturation. However, nothing is known about 

the physiological role of Prosapip1. To examine this, we utilized the Cre LoxP system to 

develop a Prosapip1 neuronal knockout mouse. We show that Prosapip1 is directly 

controlling the synaptic localization of proteins SPAR, PSD-95, and the GluN2B subunit 

of the NMDA receptor. Prosapip1 is also shown to play a role in NMDA-receptor-mediated 

transmission and long-term potentiation in the CA1 region of the dorsal hippocampus. 

While the Prosapip1 neuronal knockout mouse performed normally in developmental, 

locomotor, and anxiety tasks, it showed a spatial memory deficit in multiple behavioral 

paradigms. Using viral administration of Cre, Prosapip1 was knocked out specifically in 

the dorsal hippocampus, and the deficit in spatial memory was replicated. Taken together, 

the physiological role of Prosapip1 in the dorsal hippocampus is to facilitate long-term 

potentiation resulting in spatial learning and memory.    
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2.2 Introduction 

 ProSAP-interacting protein 1 (Prosapip1), encoded by the gene LZTS3, is a brain-

specific protein that shows particularly high expression in the cortex, cerebellum, and the 

hippocampus (CA1, CA3, dentate gyrus (DG)) (Wendholt et al., 2006). It is highly enriched 

in the postsynaptic density (PSD) of excitatory synapses (Wendholt et al., 2006; Dolnik et 

al., 2016).   

Model 3. Prosapip1 domains 

Prosapip1 is characterized by a coiled-coil domain (CC) with an internal a leucine zipper 

(LZ), a C-terminal Fez1 domain, and a C-terminal type I PDZ-domain-binding motif (STEI) 

(Model 3) (Wendholt et al., 2006). Its leucine zipper domain is known to be involved in 

protein-protein dimerization via the leucines, which provide a hydrophobic interaction 

environment (Vinson et al., 2002). Its central coiled-coil domain binds the spine-

associated Rap GTPase-activating protein (SPAR) (Wendholt et al., 2006). Prosapip1 

shares its C-terminal Fez1 domain with the other members of the Fezzin family 

(LAPSER1, PSD-Zip70, N4BP3) (Wendholt et al., 2006). The protein Fez1 (fasciculation 

and elongation protein zeta 1) is essential for neural circuit establishment and axon 

outgrowth (Razar et al., 2022). These Fezzins interact with the PDZ (PSD-95/Dlg1/ZO-1) 

domain of Shank family proteins. 

 

  

Shank3 SPAR 
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Model 4. Prosapip1 is a key protein in the PSD 

Prosapip1 specifically interacts with the well-known PSD protein Shank3 (Wendholt et al., 

2006) (Model 4), whose role is to interconnect multiple proteins to provide structural and 

functional stability in the PSD (Sheng and Kim, 2000; Boeckers et al., 2002; Grabrucker 

et al., 2011; Sala et al., 2015). Through this interaction, Prosapip1 regulates the levels of 

SPAR (Wendholt et al., 2006; Dolnik et al., 2016; Reim et al., 2016), an essential 

modulator of spine morphology (Pak et al., 2001; Richter et al., 2007). Prosapip1 has 

been confirmed to interact with SPAR in vivo in the nucleus accumbens, where it leads to 

synaptic and structural modifications (Laguesse et al., 2017). Consequently, Prosapip1 is 

hypothesized to directly contribute to synaptic function (Dolnik et al., 2016), and has been 

shown to control the maturation of dendritic spines (Reim et al., 2016). However, nothing 

is known about the basal physiological role of Prosapip1 in vivo. Here, we report that 
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Prosapip1 in the dorsal hippocampus mediates long-term potentiation and spatial 

memory.  
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2.3 Results 

2.3.1 Generation and characterization of Prosapip1(flx/flx) mice 

To elucidate the role of Prosapi1 in the CNS, we first developed a mouse line with 

flox sites flanking the Prosapip1 gene. Guide RNA binding sites were identified in intron 

2 and in the 3’ UTR of exon 5 of Prosapip1 (Lzts3) (Figure 2.1A). PAGE purified Ultramer 

single stranded DNA oligos that were homologous to the target loci in intron 2 and exon 

5 (Figure 2.1B) were used as repair templates.  

 To construct a conditional knockout of Prosapip1 in neurons, we crossed the 

homozygous Prosapip1 floxed (Prosapip1(flx/flx)) mouse with a mouse line expressing 

Cre recombinase under the control of a synapsin promoter (Syn1-Cre(+)). Male 

Prosapip1(flx/flx);Syn1-Cre(-/-) mice were mated with female Prosapip1(flx/flx);Syn1-

Cre(+/-) mice (Figure 2.1C), which generated Prosapip1(flx/flx);Syn1-Cre(+) and 

Prosapip1(flx/flx);Syn1-Cre(-) mice, which were used as controls. The neuronal knockout 

was confirmed via western blot (Figure 2.1D). Prosapip1(flx/flx);Syn1-Cre(-) mice have 

protein levels of Prosapip1 comparable to a C57BL/6 mouse, while 

Prosapip1(flx/flx);Syn1-Cre(+) show a complete removal of Prosapip1 protein in the 

dorsal hippocampus. Body weight of male and female mice was monitored every 2 weeks 

from birth to assess potential developmental effects. While males were significantly 

heavier than females throughout development, there was no significant effect of the 

genotype on weight over time (Figure 2.1E) (Three-way ANOVA: Effect of genotype F(1,33) 

=  0.7842, p = 0.3823; Effect of sex F(1,33) =  23.94, p < 0.0001; Effect of time F(5,158) =  

588.4, p = < 0.0001; Effect of genotype x sex F(1,33) =  1.345, p = 0.2545; Effect of 
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genotype x time F(5,158) =  0.1476, p = 0.9805; Effect of sex x time F(5,158) =  2.345, p = 

0.0437; Effect of genotype x sex x time F(5,158) =  0.3764, p = 0.8643).  

 

Figure 2.1. Generation and characterization of Prosapip1(flx/flx) mice 

(A) Identification of guide RNA binding sites in intron 2 and the 3’ UTR of exon 5 of 
Prosapip1. (B) PAGE purified Ultramer single stranded DNA oligos that were homologous 
to the target loci in intron 2 and exon 5 were used as repair templates. (C) Genetic 
crossing scheme of the Prosapip1(flx/flx);Syn1-Cre mice. Male Prosapip1(flx/flx);Syn1-
Cre(-/-) mice were mated with female Prosapip1(flx/flx);Syn1-Cre(+/-) mice, leading to 
litters of Prosapip1(flx/flx);Syn1-Cre(+/-) (experimental) and  
(figure caption continued on next page) 
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(figure caption continued from previous page) 
Prosapip1(flx/flx);Syn1-Cre(-/-) (control) mice. (D) Western blot analysis of the dorsal 
hippocampus of Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) mice. 
Prosapip1(flx/flx);Syn1-Cre(+) mice have a complete knockout of Prosapip1, while  
Prosapip1(flx/flx);Syn1-Cre(-) mice are comparable to a C57BL/6 control. (E) Body weight 
of male and female Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) 
mice was measured biweekly from birth. There was no effect of Prosapip1 neuronal 
knockout on body weight over time. Data are represented as mean ± SEM and analyzed 
using three-way ANOVA. n = 5-11 per group. 
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2.3.2 Prosapip1 is required for synaptic localization of PSD proteins 

 Prosapip1 is a scaffolding protein that recruits SPAR to the PSD and interconnects 

it with Shank3 (Wendholt et al., 2006; Reim et al., 2016). Therefore, we first examined 

how the synaptic localization of SPAR and Shank3 were affected by Prosapip1 neuronal 

knockout. We analyzed the total (Figure 2.2A) and synaptic (Figure 2.2B) levels of SPAR 

and Shank3 in the dorsal hippocampus of Prosapip1(flx/flx);Syn1-Cre(-) and 

Prosapip1(flx/flx);Syn1-Cre(+) mice. We did not detect a change in total SPAR between 

groups (Figure 2.2C) (Welch’s t-test: t(6.963) = 1.427, p = 0.1968), but saw a significant 

reduction in synaptic SPAR in Prosapip1(flx/flx);Syn1-Cre(+) mice (Figure 2.2D) (Welch’s 

t-test: t(5.880) = 5.183, p = 0.0022). The total and synaptic levels of Shank3 were similar 

between groups (Figure 2.2E-F) (Welch’s t-test: Total t(6.923) = 1.345, p = 0.2210, Synaptic 

t(6.720) = 0.1306, p = 0.8999). Collectively, these results imply that Prosapip1 in the dorsal 

hippocampus is necessary for synaptic localization of SPAR, but not Shank3.  

 After observing a reduction in synaptic levels of SPAR resulting from Prosapip1 

knockout, we hypothesized further disruption to PSD complexes. As SPAR and Shank3 

are known to interact with NMDAR and AMPAR (Naisbitt et al., 1999; Tu et al., 1999; 

Boeckers et al., 2002; Arons et al., 2012; Ross and Aizenman, 2023), we examined the 

synaptic levels of NMDAR subunits GluN2A and GluN2B, along with AMPAR subunit 

GluA1. In addition, we examined synaptic levels of PSD-95, a protein known to interact 

with SPAR and stabilize NMDAR surface expression (Naisbitt et al., 1999; Tu et al., 1999; 

Pak et al., 2001; Boeckers, 2006; Won et al., 2016; Coley and Gao, 2019). Protein levels 

were measured through western blot analysis in both the total homogenate and crude 

synaptosomal fraction (Figure 2.2G-H). While we observed no change in the overall 
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levels of GluN2B (Figure 2.2I) (Welch’s t-test: t(6.700) = 1.675, p = 0.1398), we saw a 

significant reduction in the synaptic levels in Prosapip1(flx/flx);Syn1-Cre(+) mice 

compared to Prosapip1(flx/flx);Syn1-Cre(-) controls (Figure 2.2J) (Welch’s t-test: t(6.332) = 

5.524, p = 0.0012). In contrast, the total and synaptic levels of NMDAR subunit GluN2A 

were unchanged in the Prosapip1(flx/flx);Syn1-Cre(+) mice (Figure 2.2K-L) (Welch’s t-

test: Total t(4.429) = 0.1050, p = 0.9210; Synaptic t(6.689) = 0.1758, p = 0.8656). Total and 

synaptic levels of GluA1 were also unchanged in Prosapip1(flx/flx);Syn1-Cre(+) mice 

(Figure 2.2M-N) (Welch’s t-test: Total t(6.956) = 0.1831, p = 0.8599; Synaptic t(6.060) = 

0.8548, p = 0.4252). When examining the protein levels of PSD-95, we saw 

Prosapip1(flx/flx);Syn1-Cre(+) exhibited a reduction in total PSD-95 (Figure 2.2O) and a 

drastic reduction in synaptic PSD-95 (Figure 2.2P) (Welch’s t-test: Total t(4.740) = 3.174, p 

= 0.0266; Synaptic t(5.693) = 8.136, p = 0.0002). Together, Prosapip1 is involved in the 

synaptic localization of NMDAR subunit GluN2B and total and postsynaptic protein level 

of PSD-95 in the dorsal hippocampus.  
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Figure 2.2. Prosapip1 is required for synaptic localization of PSD proteins 
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Figure 2.2. Prosapip1 is required for synaptic localization of PSD proteins 
(A-B) The dorsal hippocampus was harvested from Prosapip1(flx/flx);Syn1-Cre(-) and 
Prosapip1(flx/flx);Syn1-Cre(+) mice, and western blot analysis was performed on the total 
homogenate (A) and crude synaptic fraction (B). (C) Total SPAR levels were unchanged 
between groups. (D) Synaptic SPAR was significantly reduced in Prosapip1(flx/flx);Syn1-
Cre(+) mice compared to controls. (E-F) Neither the total (E) nor synaptic (F) protein 
levels of Shank3 were affected by the Prosapip1 knockout. Data are represented as 
mean ± SEM and analyzed using unpaired two-tailed t-test with Welch’s correction. 
**p<0.01; ns, non-significant. n = 5 per group. (G-H) Western blot on the total (G) and 
synaptic fraction (H) of the dorsal hippocampus of Prosapip1(flx/flx);Syn1-Cre(-) and 
Prosapip1(flx/flx);Syn1-Cre(+) mice. (I) Total levels of NMDAR subunit GluN2B were 
similar in Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) mice. (J) 
Synaptic levels of GluN2B were significantly reduced in Prosapip1(flx/flx);Syn1-Cre(+) 
mice. (K-L) Both total (K) and synaptic (L) levels of NMDAR subunit GluN2A were 
unchanged between Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) 
mice. (M-N) Total and synaptic levels of AMPAR subunit GluA1 were unchanged in 
Prosapip1(flx/flx);Syn1-Cre(-) compared to Prosapip1(flx/flx);Syn1-Cre(+) mice. (O-P) 
The level of total and synaptic PSD-95 protein was significantly reduced in the dorsal 
hippocampus of Prosapip1(flx/flx);Syn1-Cre(+) mice compared to controls. Data are 
represented as mean ± SEM and analyzed using unpaired two-tailed t-test with Welch’s 
correction. *p < 0.05, **p<0.01, ***p < 0.001; ns, non-significant. n = 4-5 per group.   
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2.3.3 Prosapip1 in the dorsal hippocampus plays a role in NMDA receptor-mediated 

transmission and long-term potentiation 

Given the altered synaptic protein composition in Prosapip1 neuronal knockout 

mice, we explored potential impairments in hippocampal long-term potentiation (LTP). To 

examine this, hippocampal slices from both Prosapip1(flx/flx);Syn1-Cre(-) and 

Prosapip1(flx/flx);Syn1-Cre(+) mice were prepared for electrophysiology recordings. 

Bipolar stimulating electrodes were positioned in the CA1 region of the dorsal 

hippocampal slices. Simultaneously, the recording electrode was placed approximately 

100-150 µm away from the stimulating electrode (Figure 2.3A). The administration of a 

single electrical pulse (2 ms) elicited a fiber volley, followed by a field excitatory 

postsynaptic potential response (fEPSPs) (Figure 2.3B). Before inducing LTP, a stable 

baseline of fEPSPs was established for 10 minutes. Following this, high-frequency 

stimulation (HFS) was applied at 100 Hz for 1 second, repeated four times at 20-second 

intervals, to trigger LTP. In the control mice, there was a significant increase in the fEPSP 

amplitude following HFS, indicating successful LTP induction, and this potentiation 

persisted for at least 30 minutes. Conversely, in the Prosapip1(flx/flx);Syn1-Cre(+) mice, 

such potentiation was notably absent. A comparative analysis of the normalized fEPSPs, 

conducted 20-30 minutes post-HFS, revealed a significantly reduced fEPSP amplitude in 

the Prosapip1(flx/flx);Syn1-Cre(+) group compared to the Prosapip1(flx/flx);Syn1-Cre(-)  

controls (Figure 2.3D) (Unpaired t-test: t(17) = 3.933, p < 0.01). These findings strongly 

suggest Prosapip1 plays a role in the induction of hippocampal LTP. 

The LTP induction in the hippocampus is known to rely on the functioning of 

postsynaptic NMDARs. Therefore, we aimed to discern if there were any differences 
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between Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) mice in terms 

of NMDAR-mediated excitatory postsynaptic currents (EPSCs) in CA1 pyramidal 

neurons. A whole-cell voltage-clamp recording technique was employed for this purpose. 

First, a low concentration of external Mg2+ was used to facilitate the removal of the 

magnesium block from the NMDAR channel. Concurrently, AMPARs and GABAA 

receptors (GABAARs) were pharmacologically inhibited. NMDAR-EPSCs were recorded 

in response to an escalating series of stimulus intensities. The amplitude of NMDAR-

EPSCs was significantly reduced in the Prosapip1(flx/flx);Syn1-Cre(+) mice compared to 

the controls (Figure 2.3E) (Two-way ANOVA: Effect of intensity F(1,3) = 9.441, p < 0.001; 

Effect of genotype F(1,23) = 4.565, p = 0.044; Effect of intensity x genotype F(1,3) = 1.376, 

p = 0.258). To determine whether this change in NMDAR-EPSCs resulted from pre- or 

postsynaptic alterations, we investigated postsynaptic changes by measuring NMDA-

induced currents. This was done by bath application of NMDA (20 µM for 30 seconds). 

We observed that the peak current in the Prosapip1(flx/flx);Syn1-Cre(+) mice was 

markedly lower than that in their control counterparts (Figure 2.3F) (Unpaired t-test: t(22) 

= 3.094, p = 0.00529). This suggests a decrease in postsynaptic NMDAR responsiveness 

in Prosapip1(flx/flx);Syn1-Cre(+) mice. 

 Our research then focused on determining the presence of any presynaptic 

alterations in glutamatergic transmission affecting CA1 neurons. We pursued this by 

measuring the paired-pulse ratio (100 ms interval) of electrically evoked EPSCs in these 

neurons. Our findings revealed that this ratio was significantly higher in the 

Prosapip1(flx/flx);Syn1-Cre(+) group as compared to the controls, indicating a probable 

reduction in presynaptic glutamate release onto CA1 neurons in the 
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Prosapip1(flx/flx);Syn1-Cre(+) mice (Figure 2.3G) (Unpaired t-test: t(22) = 2.099, p = 

0.0475) (Zucker and Regehr, 2002). 

In summary, the data collectively imply that the absence of Prosapip1 impairs the 

induction of hippocampal LTP. This impairment is likely attributed to the downregulation 

of NMDAR function in these mice. 

Figure 2.3. Prosapip1 in the dorsal hippocampus plays a role in NMDA receptor-
mediated transmission and long-term potentiation 

(A) Arrangement of stimulating and recording electrodes within the hippocampal CA1 
region. (B) Sample field excitatory postsynaptic potential (fEPSP) traces recorded before 
(figure caption continued on next page) 
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(figure caption continued from previous page) 

(pre) and after (post) administering high-frequency stimulation (HFS) in both 
Prosapip1(flx/flx);Syn1-Cre(-) (Cre-) and Prosapip1(flx/flx);Syn1-Cre(+) (Cre+) groups. 
The HFS was 100 Hz, with 100 pulses, repeated four times every 20 seconds. (C) The 
time course of fEPSPs before and after HFS is graphically depicted. n = 10 slices from 6 
mice (10/6) for Cre- and 9/5 for Cre+. (D) fEPSP amplitudes, measured between 30-40 
minutes, were significantly lower in the Cre+ group than Cre- controls; **p < 0.01 by 
unpaired t-test. (E) Electrically-evoked NMDAR-EPSC amplitudes in CA1 neurons were 
lower in the Cre+ mice than Cre- controls; #p < 0.05; *p < 0.05 versus Cre+ at the same 
stimulating intensities by two-way RM ANOVA followed by post-hoc Tukey test; n = 14 
neurons from 4 mice (14/4, Cre-) and (11/4, Cre+). (F) The peak currents induced by 
NMDA (20 µM for 30 seconds) in CA1 neurons were significantly smaller in Cre+ mice 
than in Cre- controls; **p < 0.01 by unpaired t-test; n = 13/4 (Cre-) and 11/4 (Cre+). (G) 
Paired-pulse ratios for EPSCs in CA1 neurons were higher in the Cre+ mice than in the 
Cre- controls; *p < 0.05 by unpaired t-test; n = 11/3 (Cre-) and 13/4 (Cre+).  
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2.3.4 Prosapip1 knockout does not affect locomotion or anxiety  

As Prosapip1 knockout is affecting neuronal PSD scaffolding and LTP, we next 

performed a behavioral battery to assess the consequences of these molecular changes. 

Upon reaching adulthood, mice were placed in an open field and allowed to explore for 

20 minutes, where locomotor and exploratory activity were measured. The Prosapip1 

neuronal knockout did not alter locomotor activity (Figure 2.4A) (Unpaired t-test: t(41) = 

1.460, p = 0.1518). Furthermore, there were no differences between genotypes when 

assessing the time spent in the center of the open field (Figure 2.4B) (Two-way ANOVA: 

Effect of genotype F(1,19) = 0.05615, p = 0.8152; Effect of sex F(1,20) = 0.07505, p = 0.7869; 

Effect of genotype x sex F(1,19) = 1.224, p = 0.2823).  

 Next, the light/dark box and elevated plus maze paradigms were used to assess 

anxiety-like behavior. The light/dark box consists of two chambers where the subject may 

choose to explore the well-lit (“light”) or visible-light-blocked (“dark”) side of a chamber. 

Spending more time in the dark side of the chamber implies an increase in anxiety. Both 

Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) mice spent significantly 

more time in the dark side of the light/dark box, but there was no significant difference 

between the genotypes (Figure 2.4C) (Two-way ANOVA: Effect of chamber F(1,29) = 92.69, 

p < 0.0001; Effect of genotype F(1,29) = 0.9504. p = 0.3377; Effect of chamber x genotype 

F(1,29) = 0.09645, p = 0.7584). Mice also underwent the elevated plus maze test. The 

elevated plus maze is elevated above the floor and consists of two “closed” arms with 

opaque walls and two “open” arms with no railing. Time exploring the open arm is used 

to assess anxiety. Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) mice 

spent a similar amount of time exploring the open arm (Figure 2.4D) (Mann Whitney Test: 
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p = 0.2878).  Taken together, it does not appear that neuronal Prosapip1 is involved in 

anxiety-related behavior.  

Figure 2.4. Prosapip1 knockout does not affect locomotion or anxiety 

(A) Total distance traveled during the open field test. Prosapip1(flx/flx);Syn1-Cre(-) and 
Prosapip1(flx/flx);Syn1-Cre(+) mice traveled a similar distance in the open field. (B) Time 
spent in the center of the open field. There was no difference between genotypes in time 
spent in center. (C) Light/dark box chamber time. Both Prosapip1(flx/flx);Syn1-Cre(-) and 
Prosapip1(flx/flx);Syn1-Cre(+) mice spent significantly more time in the dark chamber, 
and there was no difference between the genotypes. (D) Exploratory behavior of mice in 
the elevated plus maze. Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) 
mice spent a similar amount of time exploring the open arm of the maze. Data are 
represented as mean ± SEM and analyzed using unpaired two-tailed t-test (A, B, D) or 
two-way ANOVA (C). ****p < 0.0001. n = 7-21.  
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2.3.5 Prosapip1 contributes to spatial memory 

 Prosapip1 was originally identified in hippocampal neurons (Wendholt et al., 2006; 

Reim et al., 2016), a brain region associated with memory (Broadbent et al., 2004). Given 

the altered PSD composition and subsequent loss of LTP in this region after Prosapip1 

knockout, we assessed the effect of the knockout on memory-related behaviors in mice. 

First, mice performed the novel object recognition (NOR) test (Leger et al., 2013; 

Lueptow, 2017) with an inter-trial interval of 24 hours to assess long-term spatial memory. 

Prosapip1(flx/flx);Syn1-Cre(-) animals showed a significant preference for the novel 

object, indicating long-term recognition memory of the familiar object and its spatial 

location (Figure 2.5A). Contrarily, Prosapip1(flx/flx);Syn1-Cre(+) mice spent a similar 

amount of time exploring both objects, performing at chance levels (Figure 2.5A) (Two-

way ANOVA: Effect of object F(1,40) = 34.32, p < 0.0001; Effect of genotype F(1,40) = 0.3079, 

p = 0.5821; Effect of object x genotype F(1,40) = 18.37, p = 0.0001). The lack of novel object 

recognition implies a loss of object characteristic acquisition or long-term spatial memory.  

 To further assess the role of Prosapip1 in spatial learning and memory, the mice 

performed a novelty T-maze test (Sanderson et al., 2009). Mice are allowed to explore 

two arms of a “T”-shaped maze during training trials while the third arm is blocked. All 

three arms are available during the test. The experiment utilized a 1-minute inter-trial 

interval, which is reliant on hippocampal LTP (Sanderson et al., 2009). During the test 

trial, Prosapip1(flx/flx);Syn1-Cre(-) mice primarily explored the novel arm of the T-maze, 

indicated by a positive difference score (time spent in novel arm – time spent in familiar 

arm) (Figure 2.5B). Prosapip1(flx/flx);Syn1-Cre(+) mice explored the arms at chance 

levels, performing significantly worse than control animals, and indicating a lack of spatial 
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memory for the familiar arm of the maze (Figure 2.5B) (Welch’s t-test: t(26.08) = 5.434, p < 

0.0001).  

Next utilized was the 3-chamber social interaction (3CSI) test. The 3CSI test has 

two stages. The first part measures the preference for social interaction with a juvenile 

interaction partner. The Prosapip1 interaction partner, Shank3, is a protein associated 

with autism spectrum disorder, and mice deficient in Shank3 display dysfunctional social 

behavior in this test (Peca et al., 2011). We found that Prosapip1(flx/flx);Syn1-Cre(-) and 

Prosapip1(flx/flx);Syn1-Cre(+) mice behave similarly, with both significantly preferring the 

interaction partner over the empty chamber (Figure 2.5C) (Two-way ANOVA: Effect of 

social F(1,29) = 34.30, p < 0.0001; Effect of genotype F(1,29) = 5.419, p = 0.0271, Effect of 

social x genotype F(1,29) = 0.05655, p = 0.8137; post hoc Empty vs. Social: 

Prosapip1(flx/flx);Syn1-Cre(-) p = 0.0006, Prosapip1(flx/flx);Syn1-Cre(+) p = 0.0005). In 

the second stage of the 3CSI, the mouse has the choice between interacting with a 

familiar partner (partner from part 1) or a novel interaction partner. This assesses the 

social novelty recognition of the subject. Prosapip1(flx/flx);Syn1-Cre(-) mice displayed a 

preference for the novel interaction partner, exhibited by the increase in chamber time 

(Figure 2.5D) (Two-way ANOVA: Effect of social novelty F(1,29) = 17.60, p = 0.0002; Effect 

of genotype F(1,29) = 1.463, p = 0.2362, Effect of social novelty x genotype F(1,29) = 2.947, 

p = 0.0967; post hoc Familiar vs. Novel: Prosapip1(flx/flx);Syn1-Cre(-) p = 0.0008). 

Prosapip1(flx/flx);Syn1-Cre(+) mice spent a similar amount of time with the familiar and 

novel interaction partners (Figure 2.5D) (post hoc Familiar vs. Novel: 

Prosapip1(flx/flx);Syn1-Cre(+) p = 0.1451). The lack of discrimination from 
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Prosapip1(flx/flx);Syn1-Cre(+) mice implies an abated recognition of social novelty or loss 

of social memory.    

 While the Prosapip1(flx/flx);Syn1-Cre(+) mice show impaired performance in the 

NOR and novelty T-maze tests, these results may be attributed to the learning/acquisition 

process or storage of memory. For a more detailed investigation into the role of Prosapip1 

on spatial learning and memory, we employed the Barnes maze (Barnes, 1979; Pitts, 

2018). The Barnes maze is a white plastic platform with holes evenly drilled around the 

perimeter. Underneath one of these holes is an exit tunnel. The protocol has a training 

and testing phase, where spatial learning and memory, respectively, are specifically 

examined. When originally habituated the maze, there was no difference in baseline 

exploratory profile between Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-

Cre(+) mice (Extended Figure 2.5A) (Unpaired t-test: t(16) = 0.2635, p = 0.7955). The 

primary variable examined during training trials was the path to escape, which tracked 

the distance traveled from the starting point to the exit compartment. A shorter path to 

escape is more efficient and indicates learning of the paradigm objective and exit location. 

Prosapip1(flx/flx);Syn1-Cre(-) mice immediately improve performance, with a significant 

decrease in path to escape observed as soon as the third trial (Figure 2.5E) (Two-way 

ANOVA: Effect of trial F(15,285) = 7.899, p < 0.0001, post hoc Prosapip1(flx/flx);Syn1-     

Cre(-), Trial 1 vs. Trial 3: p = 0.0465). Prosapip1(flx/flx);Syn1-Cre(+) mice improved 

performance over time but more gradually, and performed significantly worse than control 

mice over the entirety of training (Figure 2.5E) (Two-way ANOVA: Effect of genotype 

F(1,19) = 102.0, p < 0.0001; Effect of trial x genotype F(15,285) = 1.401, p = 0.1454). The 

performance was significantly different by the second trial (post hoc Trial 2, 
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Prosapip1(flx/flx);Syn1-Cre(-) vs. Prosapip1(flx/flx);Syn1-Cre(+) p < 0.0001). In addition, 

Prosapip1(flx/flx);Syn1-Cre(+) mice committed significantly more primary (incorrect hole 

visit) and secondary (incorrect hole revisit) errors throughout training (Figure 2.5F) 

(Three-way ANOVA: Effect of trial F(15,289) = 7.289, p < 0.0001; Effect of genotype F(1,19) = 

100.7, p < 0.0001; Effect of error type F(0.4468, 8.489) = 4.554, p = 0.0772; Effect of trial x 

genotype F(15,289) =1.529, p = 0.0940; Effect of trial x error type F(6.157, 117) = 2.865, p = 

0.0115; Effect of genotype x error type F(1,19) = 15.09, p = 0.0010; Effect of trial x genotype 

x error type F(15,285) = 1.831, p = 0.0303).  

Differences in training performance can be explained by examining the search 

strategy of each mouse. There are three defined search strategies: random, serial, and 

spatial, which correspond to an increase in task efficiency (Figure 2.5G). 

Prosapip1(flx/flx);Syn1-Cre(-) mice searched randomly during the first trial before quickly 

switching to a serial search strategy. Spatial searching appeared as early as trial 3, and 

its ratio increased until it had become a majority on the last day of training (Figure 2.5H). 

In the Prosapip1(flx/flx);Syn1-Cre(+) mice, randomly searching was a much more 

prevalent strategy throughout training (Figure 2.5I). Some, and eventually a majority, of 

mice switched to serial search strategy, which also explains the gradual decrease in path 

to escape. Few Prosapip1(flx/flx);Syn1-Cre(+) mice utilized the spatial search strategy. 

Comparing these differences, both groups associate the context of the Barnes maze with 

the objective to escape, but Prosapip1(flx/flx);Syn1-Cre(+) mice fail to learn or remember 

the spatial location of the exit.  

 The probe trial of the Barnes maze specifically assesses the spatial memory of the 

mouse. During the probe trial, the exit is removed, and the mouse is allowed to explore 
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the platform for 5 minutes. If the mouse remembers the location of the exit, it will spend 

significantly more time exploring the exit quartile compared to chance alone. Control mice 

performed above chance value, spending an average of 116.84 seconds in the exit 

quartile (Figure 2.5J). Prosapip1(flx/flx);Syn1-Cre(+) mice, contrarily, performed around 

chance, spending an average of 68.52 seconds in the exit quartile (Figure 2.5J). This 

was significantly less than control mice (Mann-Whitney test, p = 0.0004). Prosapip1 is 

required for spatial memory in the Barnes maze.   



 100 

Figure 2.5. Prosapip1 contributes to spatial memory 
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Figure 2.5. Prosapip1 contributes to spatial memory 

(A) Time spent exploring the familiar and novel objects in the novel object recognition 
test. Prosapip1(flx/flx);Syn1-Cre(-) mice significantly preferred the novel object, while 
Prosapip1(flx/flx);Syn1-Cre(+) mice showed no preference. (B) Difference score of time 
spent exploring the novel arm of the T-maze. Prosapip1(flx/flx);Syn1-Cre(-) had a 
significantly higher difference score than Prosapip1(flx/flx);Syn1-Cre(+) mice. (C) Time 
spent in the empty and social-paired chamber in the 3-chamber social interaction test. 
Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) mice preferred the 
social chamber. (D) Time spent in the familiar and novel chamber of the 3-chamber social 
interaction test. Prosapip1(flx/flx);Syn1-Cre(-) mice significantly preferred the chamber 
containing the novel partner. (E) Distance traveled during Barnes maze training. 
Prosapip1(flx/flx);Syn1-Cre(-) mice had a significantly shorter path throughout the 
training. (F) Primary (filled circles) and secondary (hollow circles) errors committed during 
Barnes maze training. Prosapip1(flx/flx);Syn1-Cre(-) mice committed significantly less 
primary and secondary errors throughout training than Prosapip1(flx/flx);Syn1-Cre(+) 
mice. (G) Example path from mice exhibiting random, serial, and spatial search 
strategies. (H-I) Ratio of search strategy used by Prosapip1(flx/flx);Syn1-Cre(-) and 
Prosapip1(flx/flx);Syn1-Cre(+) mice during Barnes maze training. (J) Time spent in exit 
quartile during the probe trial and associated heatmap. Prosapip1(flx/flx);Syn1-Cre(-) 
mice spent significantly more time in the correctly paired exit quartile than 
Prosapip1(flx/flx);Syn1-Cre(+) mice. Data are represented as mean ± SEM and analyzed 
using two-way ANOVA (A,C,D,E), Welch’s t-test (B), three-way ANOVA (F), or Mann-
Whitney test (J). *p<0.05, **p<0.01, ***p < 0.001, ****p < 0.0001. n = 9-20. 

Extended Figure 2.5. Prosapip1 knockout did not affect Barnes maze habituation 

(A) Distance traveled during the Barnes maze habituation trial. Prosapip1(flx/flx);Syn1-
Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) mice traveled a similar distance to find the exit 
for the first time in the Barnes maze. 
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2.3.6 Prosapip1 in the dorsal hippocampus contributes to spatial memory 

 The neuronal knockout of Prosapip1 caused a loss of spatial memory. We next 

aimed to determine the region specificity of these effects. Spatial memory is often 

associated with the dorsal hippocampus (Pilly and Grossberg, 2012), so we delivered Cre 

locally to the dorsal hippocampus of Prosapip1(flx/flx) mice using an adeno-associated 

virus (AAV). An AAV expressing GFP was used as a control (Figure 2.6A).  Western blot 

analysis of the AAV-Cre-infected dorsal hippocampus of Prosapip1(flx/flx) mice shows 

efficient elimination of Prosapip1 protein (Figure 2.6B).  

 We repeated the experimental battery performed on the genetically manipulated 

mice on the mice infused with AAV-GFP or AAV-Cre in the dorsal hippocampus. In the 

open field, AAV-GFP- and AAV-Cre-infected mice exhibited similar levels of locomotion 

(Figure 2.6C) (Welch’s t-test: t(29.59) = 1.961, p = 0.0594) and spent a similar amount of 

time in the center of the field (Figure 2.6D) (Welch’s t-test: t(29.72) = 1.066, p = 0.2951). 

The region-specific knockout of Prosapip1 did not affect exploratory behavior. We also 

directly assessed anxiety-like behavior using the light/dark box. Mice infected with AAV-

GFP and AAV-Cre both spent comparable amounts of time in the light and dark chamber, 

preferring the dark (Figure 2.6E) (Two-way ANOVA: Effect of chamber F(1,32) = 46.74, p < 

0.0001; Effect of treatment F(1,32) = 2.361, p = 0.1342; Effect of chamber x treatment F(1,32) 

= 0.1588, p = 0.6929). Therefore, Prosapip1 in the dorsal hippocampus does not control 

anxiety-like behavior.  

  Next, we examined the role of Prosapip1 in the dorsal hippocampus on spatial 

memory. We first assessed spatial memory using the novel object recognition test. The 

AAV-GFP-infected mice showed a significant preference for the novel object, indicating 
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functioning spatial memory (Figure 2.6F) (Two-way ANOVA: Effect of object F(1,31) = 

36.30, p < 0.0001; post hoc Familiar vs. Novel (AAV-GFP): p < 0.0001). Mice infected 

with AAV-Cre, however, showed no significant preference for either object (Figure 2.6F) 

(Two-way ANOVA: Effect of treatment F(1,31) = 3.069, p = 0.0897; Effect of object x 

treatment F(1,31) = 35.05, p < 0.0001; post hoc Familiar vs. Novel (AAV-Cre): ns). Similarly, 

in the novelty T-maze test, AAV-GFP-infected mice spent much of the test exploring the 

novel arm of the maze, indicated by a positive difference score (Figure 2.6G). This was 

significantly more than the AAV-Cre-infected mice that explored the maze at chance levels 

(Figure 2.6G) (Welch’s t-test: t(26.04) = 3.777, p = 0.0008). Together, these results suggest 

that Prosapip1 in the dorsal hippocampus specifically contributes to spatial memory. 

 We also assessed the effects of region-specific Prosapip1 knockout on sociability 

and social memory using the 3-chamber social interaction test. Both AAV-GFP- and AAV-

Cre-infected mice showed a significant preference for interacting with a social partner 

over the empty cage (Figure 2.6H) (Two-way ANOVA: Effect of social F(1,31) = 31.60, p < 

0.0001; Effect of treatment F(1,31) = 0.0003957, p = 0.9843; Effect of social x treatment 

F(1,31) = 0.7781, p = 0.3845). When a novel interaction partner was introduced, AAV-GFP 

mice significantly preferred interacting with the novel partner (Figure 2.6I) (Two-way 

ANOVA: Effect of social novelty F(1,31) = 9.777, p = 0.0038; Effect of treatment F(1,31) = 

0.2045, p = 0.6543; Effect of social novelty x treatment F(1,31) = 0.1131, p = 0.7389; post 

hoc Familiar vs. Novel (AAV-GFP): p = 0.0303). AAV-Cre-infected mice did not show a 

significant preference (Figure 2.6H) (post hoc Familiar vs. Novel (AAV-Cre): ns).     

 Finally, AAV-GFP and AAV-Cre mice underwent the Barnes maze procedure to 

directly assess spatial learning and memory. During training trials, AAV-Cre-infected mice 
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performed significantly worse when examining path to escape (Figure 2.6J) (Two-way 

ANOVA: Effect of trial F(15,180) = 6.246, p < 0.0001; Effect of treatment F(1,12) = 22.95, p = 

0.0004; Effect of trial x treatment F(15,180) = 2.033, p = 0.0153). While AAV-GFP-infected 

mice quickly improved exit strategy, AAV-Cre-infected mice were more variable and took 

a longer path, on average. After training, when we performed the probe trial, we found 

that AAV-GFP-infected mice spent significantly more time in the exit quartile compared to 

AAV-Cre mice (Figure 2.6K) (Mann-Whitney test: p = 0.0047). Based on this, we 

conclude that Prosapip1 in the dorsal hippocampus is specifically involved in the 

formation and retrieval of spatial memory.  
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Figure 2.6. Prosapip1 in the dorsal hippocampus contributes to spatial memory 
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Figure 2.6. Prosapip1 in the dorsal hippocampus contributes to spatial memory 

(A) Images of AAV-GFP and AAV-Cre overexpression in the dorsal hippocampus of 
Prosapip1(flx/flx) mice. (B) Western blot analysis of Prosapip1 in the dorsal hippocampus 
in non-infected mice compared to mice infected with AAV-Cre. (C) Total distance traveled 
during the open field test. AAV-GFP and AAV-Cre mice exhibited similar locomotion. (D) 
Time in center during the open field test. Treatment had no effect on time spent in center. 
(E) Time spent in the dark and light chamber during the light/dark box test. AAV-GFP and 
AAV-Cre mice both significantly preferred the dark side of the chamber. (F) Time spent 
exploring the familiar and novel object during the novel object recognition test. AAV-GFP 
mice significantly preferred the novel object, while AAV-Cre mice showed no preference. 
(G) Difference score of time spent exploring the novel arm of the T-maze. AAV-GFP mice 
had a significantly higher difference score than AAV-Cre mice. (H) Time spent in the 
empty and social chamber of the 3-chamber social interaction test. Both AAV-GFP and 
AAV-Cre mice significantly preferred the social-paired chamber. (I) Time spent in the 
familiar and novel chambers in the 3-chamber social interaction test. AAV-GFP mice 
significantly preferred the novel partner. (J) Distance travelled during escape during 
Barnes maze training trials. AAV-GFP mice performed significantly better than AAV-Cre 
mice. (K) Time spent in the exit quartile during the probe trial. AAV-GFP mice spent 
significantly more time in the correctly paired exit quartile than AAV-Cre mice. Data are 
represented as mean ± SEM and analyzed using two-way ANOVA (E, F, H, I, J), Welch’s 
t-test (C, D, G), or Mann-Whitney test (K). *p<0.05, **p<0.01, ***p < 0.001, ****p < 0.0001. 
n = 6-18. 
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2.4 Discussion 

 Our findings suggest that Prosapip1 in the dorsal hippocampus is responsible for 

the synaptic localization of SPAR and PSD-95, and consequently, for the membranal 

localization of GluN2B. Furthermore, our data suggest that Prosapip1 in the dorsal 

hippocampus plays an important role in LTP as well as spatial learning and memory.   

 

2.4.1 Prosapip1 is a key protein in the PSD 

 The PSD is a complex protein network located at the postsynaptic membrane of 

excitatory neurons (Boeckers et al., 2002; Boeckers, 2006; Kaizuka and Takumi, 2018). 

The PSD is crucial for synaptic transmission and plasticity, and abnormalities in the PSD 

network are linked to various neuropsychiatric disorders (Vyas and Montgomery, 2016; 

Kaizuka and Takumi, 2018), such as schizophrenia, autism spectrum disorder (ASD), and 

intellectual disorder (Coley and Gao, 2019). The two major families of proteins in the PSD 

are membrane associated guanylate kinases (MAGUKs), such as PSD-95, and Src 

homology 3 domain and ankyrin repeat proteins (Shanks) (Vyas and Montgomery, 2016; 

Kennedy, 2018). Actin, which recycles between globular (G-actin) and filamentous (F-

actin), is also crucial in reorganizing and stabilizing the PSD (Adam and Matus, 1996; 

Qualmann et al., 2004; Boeckers, 2006; Kuriu et al., 2006). 

 We found that conditional knockout of Prosapip1 leads to a significant reduction in 

the synaptic levels of SPAR, PSD-95, and GluN2B. Prosapip1 is highly enriched in the 

PSD of excitatory synapses (Wendholt et al., 2006; Reim et al., 2016), and these results 

suggest it could be crucial to the formation and stability of PSD complexes. Prosapip1 
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scaffolds SPAR to Shank3 in the PSD (Wendholt et al., 2006; Dolnik et al., 2016; Reim 

et al., 2016). Both SPAR and Shank3 interact with PSD-95 (Naisbitt et al., 1999; Tu et al., 

1999; Pak et al., 2001; Boeckers, 2006). SPAR binds PSD-95 directly (Pak et al., 2001), 

and Shank3 associates with Guanylate kinase-associated protein (GKAP), which binds 

PSD-95 (Naisbitt et al., 1999; Tu et al., 1999; Boeckers, 2006). PSD-95 binds to NMDAR 

subunits GluN2A and GluN2B and stabilizes NMDAR surface expression (Won et al., 

2016; Coley and Gao, 2019). We previously found that Prosapip1 binds SPAR in vivo 

(Laguesse et al., 2017). Reim et al. previously showed that Prosapip1 is directly 

regulating SPAR levels in the PSD in primary hippocampal neurons, but knockdown of 

Prosapip1 does not lead to reduced postsynaptic Shank3 or PSD-95 (Reim et al., 2016). 

Our data supports this study, as Prosapip1 knockout in vivo led to a reduction of synaptic 

SPAR but did not affect synaptic Shank3. In contrast to Reim et al. we found that the loss 

of Prosapip1 also led to a reduction in synaptic PSD-95. Studies have shown PSD-95 

deficiency causes an imbalance of NMDAR and AMPAR presence, altering glutamatergic 

transmission (Elias et al., 2006; Zhang et al., 2013; Chen et al., 2015). In this study, the 

level of synaptic GluA1 in the dorsal hippocampus is unchanged after knockout of 

Prosapip1. Pak et al. showed that SPAR binds PSD-95 and GluN2B, but not GluA1 (Pak 

et al., 2001). However, PSD-95 and Shank3 do interact with GluA1 (Jeyifous et al., 2016; 

Ross and Aizenman, 2023). Based on our results and these studies, the complex 

controlling AMPAR synaptic localization is different, and likely independent of Prosapip1 

in the dorsal hippocampus. Together our data suggest that Prosapip1 is necessary for 

the formation and maintenance of the NMDAR-associated PSD network. 
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Prosapip1 also controls the formation of F-actin in dendritic spines (Laguesse et 

al., 2017), and may be acting through SPAR localization, although the mechanism by 

which SPAR leads to F-actin formation is still unclear. SPAR reorganizes the actin 

cytoskeleton and recruits PSD-95 to F-actin (Pak et al., 2001). Alternatively, SPAR is a 

Rap-GAP, downregulating activity of Rap-GTPases (primarily Rap1A, Rap2A) (Pak et al., 

2001; Pak and Sheng, 2003; Seeburg et al., 2008; Hoe et al., 2009; Herrick et al., 2010). 

Active Rap reduces dendritic complexity, leads to spine loss, and causes formation of thin 

spines (Zhu et al., 2002; Xie et al., 2005; Ryu et al., 2008). The termination of Rap activity 

may be an indirect mechanism by which SPAR and Prosapip1 are forming actin filaments. 

The F-actin structure in the PSD reliant on Prosapip1 could be crucial for stability of the 

Shank/NMDA/PSD-95 complex. 

 

2.4.2 Prosapip1 and LTP 

 LTP is a persistent increase in synaptic strength between neurons that can last for 

months in vivo (Abraham et al., 2002; Cooke and Bliss, 2006). LTP has been studied in 

a variety of species from rodents (Romero-Barragan et al., 2021) to non-human primates 

(Urban et al., 1996). The insights gained in these model systems can be applied to 

humans (Cooke and Bliss, 2006). Therefore, understanding the mechanisms of LTP are 

crucial to furthering understanding of human neuroanatomy and unraveling the 

pathophysiology of neurological disease. LTP is often induced by HFS, which causes 

extensive glutamate release and significant AMPAR activity, resulting in large membrane 

depolarization (Ma et al., 2018). This depolarization facilitates the removal of Mg2+ 

blockage in NMDARs, thereby activating them and leading to calcium influx. This influx 
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triggers the calmodulin/CaMKII pathway, initiating a series of cascades that enhance 

AMPAR phosphorylation and trafficking, culminating in sustained synaptic strengthening 

(Huganir and Nicoll, 2013; Herring and Nicoll, 2016). Therefore, the induction of 

hippocampal LTP heavily relies on NMDAR activation, with alterations in NMDAR function 

significantly affecting the establishment of hippocampal LTP and its associated learning 

and memory processes. In our study, we discovered that mice lacking Prosapip1 

exhibited markedly diminished NMDAR-mediated synaptic transmission. This reduction 

in NMDAR functionality likely results in decreased calcium influx during high-frequency 

stimulation and diminished activation of calmodulin/CaMKII, leading to weaker synaptic 

strengthening. Indeed, we observed substantially smaller LTP in Prosapip1-deficient mice 

compared to wild-type controls. Notably, the knockout of Prosapip1 led to reduced NMDA-

induced currents, indicating that Prosapip1 plays a critical role in regulating NMDAR 

function. 

 

2.4.3 Behavioral consequences of loss of Prosapip1 

We found that neuronal knockout of Prosapip1 led to significant deficits in spatial 

learning and memory. Memory consists of three primary processes: encoding, 

consolidation, and retrieval (Straube, 2012). In this study, the defect in memory function 

may be attributed to a failure to encode new information (Spangler et al., 1991; Walker 

and Gold, 1991; Bye and McDonald, 2019) or consolidate this “short-term” into “long-

term” memory (Kim et al., 1992; Kim et al., 1993; Yang et al., 2022; Rossato et al., 2023). 

The spatial T-maze experiment utilized a short inter-trial interval of one minute, and 

Prosapip1 knockout mice showed a loss of spatial learning and memory, which implies a 
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failure to encode new information. Similarly, the Barnes maze training trials were 

separated by an ITI of 30 minutes, but Prosapip1 knockout mice did not acquire spatial 

memory between training trials, nor during the longer consolidation periods between 

days, again implying a failure to encode spatial information. It is unlikely that NMDAR 

dysfunction is affecting the retrieval of memory, as studies have exhibited rats’ ability to 

use previously acquired spatial information during NMDAR blockage (Bast et al., 2005; 

Mackes and Willner, 2006; Bye and McDonald, 2019). 

It is highly likely that the altered composition of the PSD and subsequent loss of 

hippocampal LTP are leading to the observed behavioral changes. LTP is considered the 

cellular mechanism underlying learning and memory (Bliss and Collingridge, 1993; Frey 

and Morris, 1998; Malenka and Nicoll, 1999; Collingridge et al., 2004). In vivo studies 

showed that LTP strength is directly correlated to long-term memory storage (Abel et al., 

1997; Pastalkova et al., 2006; Sacktor, 2008), and loss of hippocampal LTP has also 

been shown to impair spatial, but not contextual memory (Bach et al., 1995). This 

distinction can be observed in the Barnes maze experiment, where Prosapip1 knockout 

mice do significantly reduce distance traveled to exit, but do not switch to spatial 

searching. In this example, Prosapip1 knockout mice are retaining the contextual 

understanding to escape the platform, but do not recall the spatial location of the exit. The 

link between NMDAR function and learning and memory is well established (Newcomer 

et al., 2000; Li and Tsien, 2009). For example, blockage of hippocampal NMDA receptors 

impairs spatial learning in rats (Spangler et al., 1991; Walker and Gold, 1991; Davis et 

al., 1992; Bye and McDonald, 2019). The GluN2B subunit of the NMDAR is specifically 

important for learning and memory (Al Abed et al., 2020; Nachtigall et al., 2024), and its 
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age-related decline in expression is strongly associated with age-related declines in 

memory (Brim et al., 2013). Prosapip1 is likely controlling the reinforcement of learning 

and memory by PSD scaffolding, stabilization, and GluN2B synaptic localization, leading 

to LTP.  

We observed that Prosapip1 knockout in the dorsal hippocampus replicated the 

spatial learning and memory deficits exhibited by the neuronal knockout mice, suggesting 

that Prosapip1 is controlling these learning and memory processes specifically in the 

dorsal hippocampus. The dorsal hippocampus primarily controls memory formation and 

recall (Eichenbaum, 1997; Broadbent et al., 2004; Squire et al., 2004; Pilly and 

Grossberg, 2012). We found that LTP in the CA1 subregion of the dorsal hippocampus 

was reliant on Prosapip1. The CA1 subregion is critically involved in consolidating and 

retrieving contextual memory (Lee and Kesner, 2004; Daumas et al., 2005). The CA3 and 

DG are also involved in memory processes (Broadbent et al., 2004; Lee and Kesner, 

2004; Daumas et al., 2005). As our conditional knockout strategy resulted in Prosapip1 

deletion from the entire dorsal hippocampus, it is plausible that Prosapip1 is contributing 

to LTP and memory acquisition and consolidation in these subregions as well, although 

further studies are required.  

It is also important to note that other Fezzins do not compensate for the loss of 

Prosapip1 in the dorsal hippocampus. Knockout of other Fezzins, like PSD-Zip70, also 

lead to cognitive deficits (Mayanagi et al., 2015). However, these deficits were attributed 

to the action of PSD-Zip70 in the PFC. Therefore, one could hypothesize that proteins in 

this family enact their function in specific brain subregions. Also, Fezzin LAPSER1, 

similarly proposed to scaffold SPAR to the PSD (Schmeisser et al., 2009), is increased in 
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primary hippocampal neurons after Prosapip1 overexpression (Reim et al., 2016). 

Proteins in the Fezzin family may be reliant on each other, which could explain the lack 

of compensatory mechanisms. 

Unraveling the physiological role of Prosapip1 may lead to a better understanding 

of neuropsychiatric disease. Abnormalities with PSD proteins are associated with 

disorders such as ASD and schizophrenia (Vyas and Montgomery, 2016; Kaizuka and 

Takumi, 2018). Dysfunction of the hippocampus contributes to many neuropsychiatric 

diseases, including Alzheimer’s disease (Anand and Dhikav, 2012; Rao et al., 2022), 

characterized by memory loss. Interestingly, recent genome wide association studies 

(GWAS) correlate mutations in the gene encoding Prosapip1 with Parkinson’s disease 

(Nalls et al., 2014; Chang et al., 2017; Nalls et al., 2019; Kim et al., 2024). This study 

provides a foundation for future exploration of Prosapip1 and its involvement in 

postsynaptic processes. 
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2.5 Future Directions 

In this chapter, Prosapip1 is shown to control PSD scaffolding, LTP, and 

hippocampus-dependent learning and memory. The future directions of this work include 

a continuation of the biomolecular investigation. Prosapip1 is shown here to reduce the 

synaptic localization of SPAR, but there are three SPAR proteins (SPAR1-3) that have 

different interaction partners and physiological roles. Prosapip1 interacts with all the 

SPAR proteins (Wendholt et al., 2006; Spilker et al., 2008; Dolnik et al., 2016; Reim et al., 

2016). SPAR1 also interacts with Fezzins PSD-Zip70 and LAPSER1 (Maruoka et al., 

2005; Schmeisser et al., 2009). SPAR1 is unique in that it interacts directly with F-actin 

(Pak et al., 2001). In hippocampal neurons, it localized to dendritic spines and leads to 

spine head enlargement (Pak et al., 2001). This mechanism is regulated by down-

regulation of Rap-GTPases (primarily Rap1A, Rap2A) and its interaction with actin (Pak 

et al., 2001; Pak and Sheng, 2003; Seeburg et al., 2008; Hoe et al., 2009; Herrick et al., 

2010). Its loss leads to behavioral impairments in memory and social behavior (Matsuura 

et al., 2022). SPAR1 level in spines is regulated by neuronal activity (Pak and Sheng, 

2003; Seeburg et al., 2008). Specifically, phosphorylation of SPAR1 following excitatory 

synaptic transmission leads to its degradation, consequently leading to transformation of 

mature spines into immature filopodia (Pak and Sheng, 2003; Seeburg et al., 2008). 

SPAR1 transcripts are predominantly expressed in the forebrain and increase throughout 

development (Spilker et al., 2008). SPAR2 is similar to SPAR1, showing significant 

sequence homology and interaction with Prosapip1 (Spilker et al., 2008). SPAR2 also 

shows GAP activity for all five Rap GTPases, but GTPase activation by SPAR2 is 

generally weaker than SPAR1 (Spilker et al., 2008). However, SPAR2 does not bind to 
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actin (Spilker et al., 2008). Also, overexpression of SPAR2 in hippocampal neurons does 

not affect spine morphology like SPAR1 (Spilker et al., 2008). SPAR2 is constantly 

expressed, and primarily localized in the dentate gyrus (Spilker et al., 2008). SPAR3 is 

the most recently investigated protein in the family (Dolnik et al., 2016). SPAR3 also does 

not contain an actin-binding domain, like SPAR2. Interestingly, SPAR3 transcripts are 

found in all major brain regions, but decrease between 1-3 months of age (Dolnik et al., 

2016). Investigating the entire family of SPAR proteins may increase understanding of the 

physiological role of Prosapip1. 

Similarly, the investigation of Rap activity is an important to understand the cellular 

mechanism of Prosapip1. There are five members Rap group of GTPases: Rap1A, 

Rap1B, Rap2A, Rap2B, and Rap2C. Rap1 and Rap2 are significantly different (~60% 

protein identity similarity), while the isoforms share 95% identity for Rap1, and 90% for 

Rap2.  Rap1 and Rap2 have overlapping but distinct actions. For instance, in 

hippocampal spiny neurons, constitutively active (CA) Rap2 caused decreased length 

and complexity of axonal and dendritic branches, while CA Rap1 had no effect (Fu et al., 

2007). Similarly, Rap1 promotes the formation of thin spines (Xie et al., 2005), and Rap2 

leads to spine loss (Ryu et al., 2008). However, these mechanisms are via different 

signaling pathways, p38 MAPK for Rap1 (Morozov et al., 2003; Huang et al., 2004) and 

JNK for Rap2 (Zhu et al., 2005). Rap1 was also reported to regulate LTP and spatial 

memory (Morozov et al., 2003). Rap1 and Rap2 have antagonistic effects in some cases, 

such as in endothelial barrier resistance (Pannekoek et al., 2013). It would be interesting 

to examine the activation of various Raps after Prosapip1 knockout and subsequent loss 
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of SPAR synaptic localization. Overactive Rap may be the key to understanding the 

disruption of PSD scaffolding and NMDAR internalization in the Prosapip1 knockout mice.  

Finally, the behavioral effects of Prosapip1 knockout can be further examined. As 

Prosapip1 is most prevalent in the PSD of glutamatergic synapses (Wendholt et al., 

2006), it would be compelling to specifically knockout Prosapip1 in glutamatergic neurons 

and examine behavior. For example, this could be accomplished by infection of the dorsal 

hippocampus with an AAV expressing Cre driven by a CaMKII promoter. Furthermore, as 

the related protein PSD-Zip70 has shown to act in the PFC (Mayanagi et al., 2015), it 

would be intriguing to examine the behavioral effects of specific Prosapip1 knockout in 

other brain regions. While our specific knockout in the dorsal hippocampus replicated the 

loss of spatial learning and memory observed in the full-brain knockout, Prosapip1 in 

other regions, such as the PFC, may contribute to behaviors primarily controlled by those 

regions.   
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2.6 Materials and Methods 

Animals  

 Prosapip1(flx/flx) mice were developed at the University of Pittsburgh as described 

below. Syn1-Cre(+) mice were purchased from Jackson Laboratory (Stock #003966, 

Jackson Labs, Bar Harbor, Maine). Electrophysiology experiments were performed at 

Texas A&M University. Prosapip1(flx/flx) and Prosapip1(flx/flx);Syn1-Cre mice were bred 

in the UCSF facility where they were group housed in a 12-hour light-dark cycle room. 

Unrestricted amounts of food and water were provided. Animal procedures were 

approved by the UCSF Institutional Animal Care and Use Committee (IACUC).  

 

Prosapip1 Floxed Mouse Making 

Guide RNA binding sites in intron 2 and in the 3’UTR located in Exon 5 of 

Prosapip1 (a.k.a, Lzts3) (see Figure 2.1A) were identified using the CRISPRator tool 

(Labuhn et al., 2018) within the CCTop (Stemmer et al., 2015) online platform 

(http://crispr.cos.uni-heidelberg.de/). The gRNA binding sites are located ~3.3kb from 

each other. These gRNA target sites were used to produce two Alt-R CRISPR-Cas9 

crRNAs (IDT DNA, Coralville, IA) which were individually hybridized to a universal 67-mer 

Alt-R CRISPR-Cas9 tracrRNA (IDT DNA) to produce two gRNAs. Two 140 nt long PAGE 

purified Ultramer single stranded DNA Oligos (IDT DNA) with three phosphorotioate 

modifications on each end (Renaud et al., 2016) that were homologous to the target loci 

in intron 2 and Exon 5 (see Figure 2.1B) were used as a repair templates.  

We initially attempted to sequentially introduce each loxP site into 1-cell and 2-cell 

stages of embryonic development (Horii et al., 2017). Single cell C57BL/6J embryos were 

electroporated with gRNA#6 (200ng/µl), IDT Alt-R® HiFi Cas9 Nuclease V3 protein 

http://crispr.cos.uni-heidelberg.de/
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(75ng/µl), and Exon 5 repair template (200ng/µl) using a BioRad Gene-Pulser Xcell 

electroporator in a 1 mm-gap slide electrode (Protech International, #501P1-10) using 

square-wave pulses (five repeats of 3 msec 25V pulses with 100 msec interpulse 

intervals). Following this first electroporation, embryos were cultured overnight. Surviving 

two-cell embryos were electroporated with gRNA#7 (200ng/µl), IDT Alt-R® HiFi Cas9 

Nuclease V3 protein (75ng/µl), and intron 2 repair template (200ng/µl) under conditions 

described above. Surviving embryos were transferred to the oviducts of CD1 (Charles 

River) psuedopregnant recipient females. Offspring were genotyped for the intron 2 lox 

insertion using PCR (forward primer 5’ AGAGAAGTCTACGCTGTAGTCAG 3’ and 

reverse primer 5’ AAGCGGGAAGGTAGAGAGGT 3’; wild type product = 449bp, floxed 

product = 489bp) followed by Sanger sequencing. Offspring were genotyped for the Exon 

5 lox insertion using PCR (forward primer 5’ TGCACAACCTTCTGACACGT 3’ and 

reverse primer 5’ AGGGCACAGACAGTAGCACT 3’; wild type product = 408bp, floxed 

product = 448bp) followed by Sanger sequencing. Two founder animals were found that 

harbored loxP insertions at both the intron 2 and Exon 5 sites.  Unfortunately, when mated 

to C57BL/6J females, the loxP sites segregated indicating that they were on different 

chromosomes. Therefore, F1 offspring that harbored only the loxP insertion at the intron 

2 site were used as 1-cell embryo donors for insertion of the Exon 5 loxP site using 

electroporation conditions described above. One male offspring was produced that 

harbored both the intron 2 and Exon 5 loxP insertions on the same chromosome.  This 

male was mated to C57BL/6J females to establish the floxed mouse line used here.  

Guide RNA off target sites were predicted and ranked using CRISPOR (Concordet 

and Haeussler, 2018). The top 11 and 10 sites for gRNA#6 and gRNA#7, respectively 
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based on CFD score were amplified from this founder mouse DNA and Sanger 

sequenced. All predicted off target sites analyzed were wild type (data not shown). 

 

Antibodies 

Rabbit anti-SPAR (SIPA1L1) (1:500) (25086-1-AP) was ordered from ProteinTech. Mouse 

anti-Shank3 antibodies (1:500) (#ab93607) were purchased from Abcam. Rabbit anti-

GluN2B (1:1000) (#4212), Rabbit anti-GluA1 (1:1000) (#13185S), and Rabbit anti-Creb 

(1:500) (#9197) antibodies were purchased from Cell Signaling. Goat anti-GluN2A 

antibodies (1:500) (#SC-1468) were purchased from Santa Cruz. Mouse anti-GAPDH 

antibodies (1:10,000) (#G8795) were purchased from Sigma. Mouse anti-PSD-95 

antibodies (1:100K) (#05-494) were purchased from Millipore (Upstate).  

 

Crude synaptosomal fractionation  

Tissue is first homogenized in 500 μL of 4°C Krebs buffer (125 mM NaCL, 1.2 mM KCl, 

1.2 mM MgSO4, 1.2 mM CaCl2, 22 mM Na2CO3, 1 mM NaH2PO4, 10 mM Glucose) with 

0.32 M sucrose + protease/phosphatase inhibitors. A portion of the homogenate (100 μL) 

is saved as total homogenate (H), while the remaining homogenate is diluted by adding 

500 μL of Krebs buffer-sucrose to the remaining 400 μL. The total homogenate is 

transferred to a 1.5mL Eppendorf tube. The glass homogenizer is washed with 500 μL of 

Krebs buffer-sucrose, and the wash solution is added to the remaining homogenate. The 

sample is then centrifuged at 1,000g at 4°C for 10 minutes. The supernatant (S1) is 

carefully collected without disturbing the pellet. This process is repeated, and then the S1 

supernatant is centrifuged at 16,000g 4°C for 20 min. The supernatant (S2) is saved and 
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the pellet is kept on ice. The resulting pellet contains the synaptosomal fraction. The pellet 

is then resuspended in 500 uL of Krebs buffer-sucrose and again centrifuged at 16,000g 

4°C for 20 min and resuspended in RIPA buffer for analysis. 

 

Western blot analysis 

Tissue collected from mice was homogenized in ice-cold radio immunoprecipitation assay 

(RIPA) buffer (containing 50 mM Tris-HCL, 5 mM EDTA, 120 mM NaCl, 1%NP-40, 0.1% 

deoxycholate, 0.5% SDS, and protease and phosphatase inhibitors). Homogenization 

was carried out using a sonic dismembrator. Protein concentration was determined using 

the BCA™ protein assay kit. Thirty µg of each tissue lysate was loaded onto SDS-PAGE 

for separation, followed by transfer onto a nitrocellulose membrane at 300mA for 2 hours. 

The membranes were then blocked with 5% milk-PBS containing 0.1% Tween 20 at room 

temperature for 30 minutes before being probed with the appropriate primary antibodies 

overnight at 4ºC. Following washing, the membranes were incubated with HRP-

conjugated secondary antibodies for one hour at room temperature. Membrane 

development was performed using enhanced chemiluminescent reagent (ECL), and band 

intensities were quantified using ImageJ software (NIH). 

 

Electrophysiology  

Preparation of slices is outlined in (Gangal et al., 2023). In brief, we sectioned 

the hippocampus coronally to produce slices with a thickness of 250 µm. These slices 

were initially cut in an ice-cold solution, which had a specific composition: 40 mM NaCl, 

148.5 mM sucrose, 4.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 0.5 mM CaCl2, 7 
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mM MgSO4, 10 mM dextrose, 1 mM sodium ascorbate, 3 mM myo-inositol, and 3 mM 

sodium pyruvate. This cutting solution was thoroughly saturated with a gas mixture 

comprising 95% O2 and 5% CO2. After cutting, the slices were incubated for 45 minutes. 

This incubation occurred in a mixture of equal parts cutting solution and an external 

solution. The external solution contained the following: 125 mM NaCl, 4.5 mM KCl, 2.5 

mM CaCl2, 1.3 mM MgSO4, 1.25 mM NaH2PO4, 25 mM NaHCO3, 15 mM sucrose, and 

15 mM glucose. Like the cutting solution, this mixture was saturated with 95% O2 and 5% 

CO2. 

Field potential recordings were conducted as detailed in previous studies (Palop 

et al., 2007; Wang et al., 2012). Specifically, the procedure involved the use of stimulation 

electrodes, which were filled with artificial cerebrospinal fluid (aCSF) and placed in the 

CA1 region of the dorsal hippocampus. The recording electrode, filled with 1M NaCl, was 

positioned in the CA1 region, approximately 100-150 µm away from the stimulating 

electrodes. The optimal location for the recording electrode was determined based on the 

site where a stable fiber volley and field potential response could be consistently observed 

following the delivery of a single electrical stimulation pulse (2 ms). The stimulation 

intensity was carefully adjusted to elicit 50% of the maximum possible response. Baseline 

field potentials were meticulously recorded over 10 mins at 10-second intervals. The HFS 

protocol for LTP included a regimen of 100 Hz, with 100 pulses every 20 seconds, 

repeated four times. Following the HFS protocol, field potential recordings were extended 

for 30 min. LTP was quantified based on the averaged fEPSP as a percentage of the 

baseline (% BL), comparing the measurements at 20-30 minutes post-HFS between the 

Prosapip1(flx/flx);Syn1-Cre(-) and Prosapip1(flx/flx);Syn1-Cre(+) groups. To inhibit 
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GABAergic transmission, picrotoxin (100 µM) was applied to the bath. The measurement 

of fEPSP was performed using a MultiClamp 700B amplifier integrated with Clampex 10.4 

software provided by Molecular Devices. 

Whole-cell recordings were executed following the protocols previously 

established (Wang et al., 2012; Ma et al., 2018). For all these recordings, a cesium-based 

intracellular solution was employed. This solution comprised the following components 

(in mM): 119 CsMeSO4, 8 TEA.Cl, 15 HEPES, 0.6 ethylene glycol tetraacetic acid (EGTA), 

0.3 Na3GTP, 4 MgATP, 5 QX-314.Cl, and 7 phosphocreatine. The pH of this solution was 

adjusted to 7.3 using CsOH. The temperature of the recording bath was maintained at a 

constant 32°C, and the perfusion speed was set between 2-3 ml/min. For the recordings, 

CA1 neurons were voltage-clamped at a holding potential of -70 mV. In order to measure 

N-methyl-D-aspartate (NMDA) receptor-mediated transmission, a low external 

concentration of Mg2+ (0.05 mM) was used. This was coupled with NBQX (10 µM) and 

picrotoxin (100 µM) to block α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptor-mediated synaptic transmission and inhibitory synaptic currents. NMDA-

induced currents were measured by bath-applying NMDA (20 µM) for 30 seconds, with 

holding currents recorded every 5 seconds.  

Input-output curves for NMDAR-mediated EPSC were created by electrical 

stimulation of varying intensities was delivered through electrodes strategically placed 

within the CA1 region. The paired-pulse ratio (PPR) was calculated by dividing the 

amplitude of the second electrically-evoked EPSC by that of the first, with an interval of 

100 ms between the two pulses. Additionally, gap-free recordings of spontaneous 

excitatory postsynaptic currents were conducted over a duration of 2 minutes. 
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Behavior 

All behavioral paradigms were completed between the hours of 9:00 and 18:00. 

Mice were tested between 8 and 20 weeks of age and were age-matched based on 

experiment. The mice were moved from their housing room, currently in the “light cycle,” 

to the dimly lit behavior room (10-15 lux) 30 minutes before the experiment and allowed 

to acclimate. The light/dark box, elevated plus maze, and Barnes maze experiments were 

done in full room light. During experiments, white noise was played through a speaker in 

the room at 50dB to reduce influence from noise outside of the room. The researcher 

remained in the room during the trial, but a wall was placed between the arena and the 

experimenter to prohibit mice from seeing the researcher. Mice were handled for 3 days 

for 1-2 minutes per day before experimentation began to reduce handling anxiety.  

 

Locomotion 

Mice were placed in a 43cm x 43cm open field and allowed to explore for 30 

minutes. The center point of the mouse was tracked, and the primarily dependent variable 

was total locomotion during the trial. Other tracked variables were average and maximum 

velocity, center entrances, time spent in center, and binned locomotion into 1-minute 

periods to examine evolution of exploration of the space.  

 

Novel Object Recognition  

Mice were placed in a 43cm x 43cm chamber with two similar objects and allowed 

20s of total familiarization time (nose point within 2cm radius of object), or 5 total minutes 

in the chamber, whichever came first, before being returned to home cage. After 24 hours, 
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mice were allowed to explore the test space containing one of the objects from before 

(familiar) and one novel object until total object interaction time of 20s was reached. If 20s 

of total interaction time was not reached before a 5-minute time limit, the trial was 

excluded. Mice that were climbing on objects were gently but quickly moved back to the 

starting position.  

 

Novelty T-Maze 

Protocol adapted from (Sanderson et al., 2009). Mice were placed in the “start” 

arm of a T-shaped maze. The dimensions of each transparent arm were 

30cm×10cm×20cm (L×W×H). During training, the entrance to one arm (“novel arm”, 

assignment counterbalanced across groups) was blocked with clear plastic. Training 

consisted of five, 2-minute trials separated by an ITI in which each subject was allowed 

to explore the “start” and “familiar” arms. After the training sessions, the plastic blocking 

the “novel” arm was removed and mice were allowed to explore all arms of the maze.  

The test session began when the center point of the mouse left the start arm and ended 

when 2 minutes of total time was spent in the novel or familiar arm. Mice that showed 

anxiety behavior and an aversion to either arm during the test (no entrances, <250cm 

total movement) were excluded (2 mice). 

 

Repeating Rotarod 

Mice were placed facing forward on a rotarod device (Ugo Basile, Gemonio, Italy). 

The device was programmed to linearly ramp in speed from 5RPM to 80RPM over 5 

minutes. Latency to fall was recorded. A complete revolution while holding on to the 
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treadmill was considered a failure, with the mouse being removed from the rod and trial 

suspended. After the trial, mice were placed back on the rod, but it remained static. There 

was a 5-minute inter-trial interval on same-day trials. 3 trials were performed each day for 

3 consecutive days, 24 hours apart.  

 

3-Chamber Social Interaction 

Mice were placed in the center chamber of a transparent 3-chamber arena and 

allowed 3 minutes to habituate to the space. The mouse was blocked into the center 

chamber and then the trial was started by removing the doors and allowing 15 minutes to 

explore the “Social” or “Empty” chamber (Part I). The social chamber had a sex-matched, 

naïve mouse (4-5 weeks of age) in a cylindrical interaction cage, while the empty chamber 

had only the interaction cage. The chamber time and interaction time was recorded, with 

interaction time being defined as experimental mouse nose point being within interaction 

zone (5cm from interaction cage). Immediately after Part I, a novel mouse was introduced, 

also sex-matched and naïve, and mice were allowed 15 minutes to explore “Novel” or 

“Familiar” chamber (Part II). The familiar mouse is the social mouse from Part I, and the 

novel mouse was placed in the familiar mouse chamber during the first part of the trial to 

reduce side preference for this interaction partner. 

 

Barnes Maze 

Protocol adapted from (Pitts, 2018). The Barnes maze apparatus is a 122cm-

diameter, white-acrylic circle with 40 evenly spaced, 5cm holes approximately 2.5cm from 

the edge of the circle. This experiment was done in light room conditions to increase the 



 126 

motivation to escape. The volume of the white noise was also increased (90dB). There 

were four visual cues on each side of the platform, which consisted of brightly colored 

shapes (purple diamond, yellow star, green cube, red triangle).  

The mouse was first habituated to the escape tunnel, a small box filled with 

Alphadry bedding, for 1 minute. It was then habituated to the experimental conditions. 

The mouse was placed in the center of the apparatus and allowed to explore until it 

entered the escape tunnel or 5 minutes elapsed. If the mouse did not organically reach 

the escape tunnel within the time limit, it was led to the hole to escape. There was at least 

1 hour between habituation and the onset of acquisition training. The escape tunnel was 

moved between habituation and training trials.  

 There were 4 training trials per day for 4 consecutive days. There was an inter-trial 

interval of 30 minutes. During training trials, the position of the escape tunnel remained 

at a fixed location relative to the spatial cues. The mouse was placed in the center of the 

platform and tracked until it fully entered the escape tunnel or 5 minutes elapsed. If the 

mouse failed to reach the escape tunnel in the allotted time, it was led to the escape by 

the researcher. Following each trial, the platform is cleaned with 70% alcohol and the 

bedding inside the escape chamber is replaced.  

 For each trial, several variables are tracked to assess performance. These include 

distance traveled, latency to exit, incorrect hole visits (primary errors), and incorrect hole 

revisits (secondary errors). Errors are defined as nose point entering a hole that does not 

contain the exit. Finally, based on these errors, the search strategy was characterized. 

Mice searched the maze serially, spatially, or randomly. Serial searching mice spent most 

of the time on the periphery performing a systematic search of the holes in a clockwise 
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or counterclockwise manner, with 2 or less direction changes. Spatial search strategy was 

defined as <10 primary errors and a significantly reduced path and latency to exit. These 

mice use the surroundings to determine the shortest path to the exit and often are within 

1-2 holes of the destination.  All other results were defined as random search strategy. 

Random search strategy was usually characterized by multiple direction changes and 

skipping between holes, with many primary and secondary errors. 

 24 hours after the last training trial, the mice were tested with a probe trial. The 

escape tunnel was removed before the mouse was placed on the platform for 5 minutes. 

Total time spent in each quartile was recorded, along with visits to former correct and 

incorrect escapes.   

 

Light/Dark Box 

Mice were placed in the light side of a Light/Dark box apparatus and movement 

within the apparatus was recorded from above for 10 minutes. The “light” side of the box 

had translucent walls and no ceiling, allowing the light of the room to illuminate it. The 

“dark” side had opaque walls and a visible-light-filtering ceiling, allowing the mouse to 

experience a dark environment but the infrared camera to continue recording. We 

recorded the latency to enter the dark, transitions between zones, and time spent in 

zones.  

Elevated Plus Maze 

The elevated plus maze apparatus is a white “+”-shaped platform elevated 50cm 

above the floor with oppositely positioned “open” arms and “closed” arms. The closed 
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arms are enclosed by 30cm high opaque walls, while the open arms have no railing. The 

amount of exploration into the open arm is calculated to measure anxiety-like behavior.  

 

Stereotaxic Surgery 

Vaporized isoflurane was used to anesthetize mice. The mice were then headfixed 

in a stereotaxic frame (David Kopf Instruments). The experimental virus, or relevant 

control, was infused into the dorsal hippocampus (anteroposterior (AP) -2.3, mediolateral 

(ML) ±1.7, dorsoventral (DV) -1.7 mm measured from bregma) using stainless steel 

injectors (33 gauge; Small Parts Incorporated) connected to Hamilton syringes (10 µl, 

1701). Animals received 1μl of virus bilaterally at a rate of 0.1μl/min controlled by an 

automatic pump (Harvard Apparatus). After the infusion was complete, the injectors 

remained at the site for 10 minutes to allow diffusion of the virus.  

 

Confirmation of Viral Expression  

At the end of the experimental timeline, animals were euthanized via cervical 

dislocation and the brains were removed. The brains were placed on ice and dissected 

into 1-mm coronal sections. The fluorescent protein expressed by the virus (either green 

fluorescent protein or mCherry) was visualized using an EVOS FL tabletop fluorescent 

microscope (ThermoFisher Scientific). Images were taken for future reference. Animals 

that failed to exhibit fluorescence associated with viral overexpression were excluded 

from the study. 
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Statistical Analysis 

Biochemical analysis Parametric tests were performed on normally distributed 

data. Data were analyzed using a two-tailed t-test with Welch’s correction for normal 

populations. Mann-Whitney tests were performed on data derived from non-normal 

populations. The results were determined to be statistically significant if the resulting p-

value was less than 0.05. 

Electrophysiology analysis Parametric tests were performed on data deemed to 

be derived from a normally distributed population. Unpaired t-tests were performed on the 

average measurement over the experimental period. When multiple intensities were 

used, a two-way repeated measures ANOVA was performed. Post hoc pairwise 

comparisons (Tukey’s) were performed after a significant result in the ANOVA.   

Behavioral analysis Parametric tests were performed on data deemed by the 

D'Agostino-Pearson omnibus (K2) test to be derived from a normally distributed 

population. Behavioral experiments were first assessed using a three-way ANOVA with 

primary variables being genotype, sex, and experimental variable where appropriate. 

Where there was no significant difference between sexes, the data was consolidated by 

genotype. A two-way ANOVA was then performed on the consolidated data (genotype x 

experimental variable). Post hoc Šidák’s multiple comparison’s test was performed to 

measure experimental differences directly. When there was only one experimental 

variable, an unpaired t-test was performed. If the variance was unequal, Welch’s 

correction was applied.  
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