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ABSTRACT 

Fragile X syndrome (FXS) is the leading genetic cause of autism caused by a mutation 

of the Fmr1 gene. This mutation results in the loss of fragile X mental retardation 

protein (FMRP) which associates with and regulates four percent of brain mRNAs. 

Symptoms associated with FXS in humans range from physical characteristics, such as 

enlarged ears and pronounced forehead and chin, to behavioral characteristics, such as 

stereotypies and social deficits. Using total fragile X mental retardation 1 knockout 

(Fmr1 KO) mice, a model for FXS, and/or conditional Fmr1 KO mice, social and natural 

reward behavioral assays were performed, followed by RNA and protein analyses of 

FMRP targets with known roles in synaptic function, to further define these 

characteristics. Results from these experiments showed a trend towards significant social 

deficits in mice lacking FMRP specifically in cholinergic neurons. Protein analysis 

revealed differences of expression across cytosolic and synaptic fractions for activity-

regulated cytoskeleton-associated protein (ARC), Ras-related C3 botulinum toxin 

substrate 1 (RAC1), postsynaptic density-95 (PSD-95), as well as for an unidentified 

band labeled by the ARC antibody. Quantitative (q)PCR analysis identified differences 

of expression at the RNA level for targets diacylglycerol kinase kappa (Dgkκ) and SH3 

and multiple ankyrin repeat domains 2, or Shank2. Overall, these results point to a 

possible role for FMRP in cholinergic cells in elements of social behavior and raise 

questions about its role at translational and transcriptional levels.  
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NOMENCLATURE 

Arc Activity-regulated cytoskeleton-associated protein 

ASD Autism Spectrum Disorder  

CPP Conditioned Place Preference 

Dgkκ Diacylglycerol kinase kappa 

DST Dorsal Striatum 

FMRP Fragile X Mental Retardation Protein 

FXS Fragile X Syndrome 

KO Knockout 

NAc Nucleus Accumbens 

PSD-95 Postsynaptic density-95 

RAC1 Ras-related C3 botulinum toxin substrate 1 
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Shank2 SH3 and multiple ankyrin repeat domains 2 
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1. INTRODUCTION

Fragile X syndrome (FXS) is the leading monogenic cause of autism spectrum disorder 

(ASD), occurring in roughly one in 4,000 males and one in 8,000 females (Kolehmainen, 

1994; Turner, Webb, Wake, & Robinson, 1996; Westmark & Malter, 2007; Winter, 

1987) (reviewed in  (Garber, Smith, Reines, & Warren, 2006). It is estimated that 

approximately 50 percent of the FXS population also falls into the ASD population and 

accounts for five percent of all ASD diagnoses (Demark, Feldman, & Holden, 2003; 

Kaufmann et al., 2004; Kaufmann et al., 2017). FXS is the result of a mutation in the 5’ 

untranslated region caused by the extension of a CGG trinucleotide region, located on 

the X chromosome on locus Xq27.3 (Krawczun, Jenkins, & Brown, 1985; Pieretti et al., 

1991). In the general population, the CGG repeat occurs between six and 54 times, 

whereas in the affected population over 200 repeats are present (Fu et al., 1991). The 

expansion of this trinucleotide repeat results in the promoter region of the fragile X 

mental retardation 1 (Fmr1) gene becoming hypermethylated, thereby silencing its 

expression (Pieretti et al., 1991).  

Fmr1 encodes the fragile X mental retardation protein (FMRP), which acts as a RNA 

binding protein and associates with approximately four percent of total brain mRNAs 

(Ashley, Wilkinson, Reines, & Warren, 1993; Brown et al., 2001). FMRP contains three 

RNA binding domains—an RGG box plus two K homology domains, KH1 and KH2 

(Siomi, Siomi, Nussbaum, & Dreyfuss, 1993)—as well as nuclear export and nuclear 
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localization signals (Bardoni, Sittler, Shen, & Mandel, 1997; Eberhart, Malter, Feng, & 

Warren, 1996) . Along with other RNA-binding proteins, FMRP binds with mRNA and 

forms a ribonucleoprotein complex, which is transported to the cytoplasm and associates 

with polyribosomes (Corbin et al., 1997; Eberhart et al., 1996). In its phosphorylated 

state, FMRP inhibits translation of its mRNA targets (Ceman et al., 2003; Narayanan et 

al., 2007; Zalfa et al., 2003), so that, at least in some brain regions, loss of FMRP is 

associated with increased basal protein synthesis (Osterweil, Krueger, Reinhold, & Bear, 

2010; Qin, Kang, Burlin, Jiang, & Smith, 2005). Activation of mGluR5 receptor 

signaling leads to dephosphorylation of FMRP  (Ceman et al., 2003; Narayanan et al., 

2007) and release of translational repression  (Chuang et al., 2005; Huber, Gallagher, 

Warren, & Bear, 2002). The mechanism by which FMRP mediates translation has been 

debated (Chen, Yun, Seto, Liu, & Toth, 2003; Laggerbauer, Ostareck, Keidel, Ostareck-

Lederer, & Fischer, 2001; Li et al., 2001; Miyashiro et al., 2003; Todd, Mack, & Malter, 

2003). FMRP has also been shown to suppress translation by interaction with the RNA-

induced silencing complex (RISC) (Ravi et al., 2011).  

Many of FMRP’s targets are involved in synapse regulation, including their structure 

and function (Darnell et al., 2011; Edbauer et al., 2010; Pfeiffer et al., 2010), and thus, 

there are numerous reported effects on dendritic spines, the postsynaptic structure for 

excitatory synapses, in both humans and mice lacking FMRP (Comery et al., 1997; 

Dictenberg, Swanger, Antar, Singer, & Bassell, 2008; Dölen et al., 2007; Irwin et al., 

2001; Rudelli et al., 1985; Smith et al., 2014; Tabet et al., 2016). A few of these targets 
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are the activity-regulated cytoskeleton-associated protein (Arc) (Niere, Wilkerson, & 

Huber, 2012), diacylglycerol kinase kappa (DGKΚ) (Tabet et al., 2016), SH3 and 

multiple ankyrin repeat domains 2 (SHANK2) (Korb et al., 2017), as well as Ras-related 

C3 botulinum toxin substrate 1 (Rac1) (Castets et al., 2005), all of which play regulatory 

roles in synapse formation, maturation, and/or maintenance, or otherwise control aspects 

of synapse strength or dendritic morphology (Peebles et al., 2010; Tabet et al., 2016; 

Tashiro & Yuste, 2004; Zaslavsky et al., 2019). 

Loss of FMRP results in multiple physical, cognitive and neurophysiological 

characteristics. Common physical features include prominent jaw, protruding forehead, 

enlarged ears, long narrow face, and in males, macro-orchidism (Randi Jenssen 

Hagerman & Hagerman, 2002; R. J. Hagerman, Van Housen, Smith, & McGavran, 

1984). Behavioral and cognitive impairments, common in the fragile X population, 

include intellectual disabilities(Ballinger, Cordeiro, Chavez, Hagerman, & Hessl, 2014; 

de Vries et al., 1996), obsessive compulsive disorder  (Berry-Kravis & Potanos, 2004), 

anxiety (Bregman, Leckman, & Ort, 1988; Cordeiro, Ballinger, Hagerman, & Hessl, 

2011), aggression (Berry-Kravis & Potanos, 2004; Cohen, 1995), attention 

deficit/hyperactivity (R. Hagerman, Kemper, & Hudson, 1985), restricted interests and 

motor stereotypies  (Borghgraef, Fryns, Dlelkens, Pyck, & Berghe, 1987; Cohen et al., 

1988), and social deficits (Cohen et al., 1988; Cordeiro et al., 2011). Restricted 

behaviors, stereotypies, and impaired social functioning, in particular, have been tied 

functionally to the striatum, a brain region involved in learning, memory, motor 
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function, and reward behavior  (Balleine, Liljeholm, & Ostlund, 2009). The striatum is 

divided into dorsal and ventral regions, and both consist of multiple cell types (Y. 

Kawaguchi, 1997; Yasuo Kawaguchi, Wilson, Augood, & Emson, 1995). Medium spiny 

neurons (MSNs) make up 90 to 95 percent of striatal cells (Briones, Tang, Haye, & 

Gould, 2018; Yasuo Kawaguchi et al., 1995). Fast-spiking GABAergic interneurons, 

which make up about three percent of the striatal cells (Tepper, Tecuapetla, Koós, & 

Ibáñez-Sandoval, 2010), can be divided into three subcategories, parvalbumin-

containing, somatostatin-containing, and calretinin-containing (Y. Kawaguchi, 1997). 

Cholinergic interneurons are the remaining interneuron category and represent around 

two percent of the striatal cell population (Zhou, Wilson, & Dani, 2002). These 

interneurons are the primary source of acetylcholine (Ding, Guzman, Peterson, 

Goldberg, & Surmeier, 2010; Goldberg, Ding, & Surmeier, 2012; Wang et al., 2006). 

Interestingly, disruption of the cholinergic system can lead to behaviors similar to those 

associated with FXS (Abitbol et al., 1993; Chang et al., 2008; D’Antuono, Merlo, & 

Avoli, 2003; Greicius, Boyett-Anderson, Menon, & Reiss, 2004; Sarter, Bruno, & 

Givens, 2003). For instance, deletion of both fast-spiking GABAergic and cholinergic 

interneurons in the striatum increased stereotypy, anxiety and social deficits in otherwise 

normal male, but not female, mice (Rapanelli et al., 2017). In the BTBR T+tf/J mouse 

model for ASD, which has lower levels of acetylcholine, inhibiting acetylcholinesterase 

improved social deficits and cognitive rigidity (Karvat & Kimchi, 2014). 
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In this project, my goal is to better understand how loss of FMRP contributes to ASD-

related behavior, namely deficits in social preference.  For this purpose, I have 

conducted social conditioning behavioral assays in a mouse model for FXS and in mice 

lacking FMRP in cholinergic cells brain-wide, comparing each to control littermate 

mice. Following social conditioning and testing, I examined targets of FMRP identified 

from previous research at both RNA and protein levels in each group. By isolating 

particular targets, including Dgkκ and Arc, as well as identifying reward-related behavior 

associated with each group, the role of striatal FMRP in the regulation of translation 

during social experience is further elucidated.  



6 

2. METHODS

2.1. Animals and Handling 

Fmr1-/y and Fmr1-/+ mice (Jackson Laboratory, Stock # 003025) maintained on a 

C57BL/6N (Charles River) background for more than 25 generations were bred to 

produce wildtype (WT) and Fmr1 knockout (KO) male littermate mice. In addition, 

ChAT-Cre BAC transgenic mice were bred with floxed-Fmr1 mice to produce male 

ChAT+/Tg; Fmr1fl/y mice, which were bred to female ChAT+/+; Fmr1fl/fl mice to produce 

ChAT+/Tg and ChAT +/+ fully floxed-Fmr1 male and female offspring. Prior to the start of 

each behavioral assay, mice were handled over the course of three days, increasing from 

free handling to brief restraint, and were acclimated in the experimental room in home 

cages (>1 hr) each day prior to testing. 

2.2. Social Conditioned Place Preference 

Each conditioned place preference (CPP) box (Appendix Figure A.1) consisted of three 

chambers, with two main chambers having either white and black alternating striped 

walls and small wire-grid flooring or grey walls and larger wire-grid flooring. A neutral 

chamber having all white walls and metal bar flooring allowed travel between the main 

chambers during pre- and post-test sessions (20 min) via open doors. Doors were 

unavailable during the conditioning phase when mice were alternately sequestered in 

each main chamber over eight sessions (20 min; 1/day), one having the social stranger 

under an inverted wire cup and one having only an empty inverted wire cup. Time spent 

in each and distance traveled throughout the chambers were tracked using infrared 
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cameras and Ethovision (Noldus) software over the entire experiment. Manual scoring of 

the video was used to check and correct the automated tracking. On pre- and post-test 

days, the test animal was placed in the middle of the neutral chamber to start the trial. 

Each animal’s pre-test score was calculated by subtracting time spent in one main 

chamber from the other. Choice of the grey or striped chamber to be paired with the 

social condition followed a balanced design, such that 1) group averages of pre-test 

preferences for the social-paired chamber were as close to each other and 2) to zero as 

possible, while 3) using both chambers equivalently. Before and after each trial, 

chambers were cleaned with 70% ethanol. 

2.3. Food Operant Behavior 

Testing, which consisted of acquisition, extinction, re-acquisition, and dose response 

phases, took place in operant conditioning chambers (Appendix Figure A.2) for 2 hr 

sessions daily (5 days/wk). Each chamber contained two nose poke ports located on 

either side of a magazine containing a liquid dipper (Appendix Figure A.3), which was 

made accessible for 60 sec following reinforced nose pokes into the active port. Visits to 

ports and the magazine were monitored by infrared beam. After each 2-hr trial, animals 

were immediately removed from each chamber and placed back into their home cage. 

Between trials, waste trays and liquid food troughs were washed in scentless soapy 

water. During the acquisition phase of the task, nose pokes into the predetermined active 

port resulted in a liquid food reward (25 ul, 100% Ensure®, vanilla-flavored) offered in 

the central magazine. Acquisition criteria were met when the animal made >20 

reinforced (active) nose pokes with >70 percent preference ((active/ (active + inactive 
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port pokes)) *100) for the active port over two consecutive days. During extinction, 

trials were the same except the liquid reinforcer was replaced with water. Extinction 

criteria were met when, compared to the average of their last two days of acquisition, an 

animal’s reinforced nose pokes were reduced by half for two consecutive days.  

Following extinction, Ensure® (100%) was again used as the reinforcer for re-

acquisition of the task, and when the animal made >20 reinforced active responses 

within a session (typically achieved within two sessions), dose response testing began 

the following test day. Dose response consisted of two consecutive days at each of 

several concentrations of Ensure® (zero, three, 10, 32, and 100%; diluted in water) as 

the reinforcer. Latin Square design was used to determine the starting reinforcer 

concentration for each animal, which was followed by the next incremental dose until all 

doses were completed.  

2.4. Tissue Dissection 

To quantify proteins within brain regions, animals were killed by live decapitation, and 

using chilled instruments, the brain removed from the skull, and sliced (1 mm coronal 

sections). The dorsal striatum, between Bregma 1.54 mm and 0.14 mm, and the nucleus 

accumbens, between Bregma 1.54 mm and 0.62 mm, were hand-dissected from two 

slices, each.   

2.5. Synaptosome Preparation and Western Blotting  

Synaptosomes were prepared from each brain region from individual mice. Briefly, 

using a handheld pellet pestle mixer, samples were lysed in Syn-PER Synaptic Protein 



9 

Extraction Reagent (ThermoFisher 87793) containing 1X cOmplete EDTA-free Protease 

Inhibitor Cocktail (Roche). After centrifugation (1200 x g for 10 min), a small amount of 

the supernatant (homogenate; S1) was reserved. The remainder was centrifuged (15,000 

x g for 20 min) to produce the second supernatant (cytosolic fraction; S2) and a pellet, 

which was resuspended in Syn-PER according to manufacturer directions as the 

synaptosome fraction (P2). A minimal amount of each fraction was then used for protein 

quantification (DC Protein Assay Kit, BioRad) and equal amounts of total protein (40 

ug/well) or (10 ug/well) were run on homemade sodium dodecyl sulfate-polyacrylamide 

(SDS-PAGE) acrylamide gels (8%) at 100 V for approximately 1.5 hrs or until the 

bottom of the ladder reached the bottom of the gel. Separated proteins were transferred 

to a polyvinylidene fluoride (PVDF) membrane (iBlot Gel Transfer stacks, Invitrogen 

IB401001) using the Invitrogen iBlot transfer system, set to the manufacturer’s 

preprogramed protocol number 3 (20 V for 7 min). Blots were blocked in casein 

blocking buffer (LI-COR 927-40200) for 1 hr, then placed in primary antibody diluted in 

casein buffer overnight at 4°C with gentle shaking. Incubation in secondary antibody 

(diluted in casein buffer with 0.01% SDS and 0.2% Tween) was performed at room 

temperature for 1 hr before rinsing in TBS-T and imaging (LI-COR). Primary antibodies 

were anti-ARC (Synaptic Systems 156-002, 1:2000), anti-RAC1 (EMD Millipore 05-

389, 1:1000), anti-PSD-95 (Millipore Sigma MABN68, 1:1000), anti-DGKΚ (Abcam 

ab94575, 1:1000), anti-DGKΚ (ABgent AP122b, 1:500), anti-GAPDH (Fisher-Scientific 

AM4300, 1:1000), and anti-FMRP (Abcam ab17722, 1:1000). Secondary antibodies 

were IRDye 680RD goat anti-mouse IgG polyclonal (LI-COR 926-68070, 1:20000), 
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IRDye 800RD goat anti-mouse IgG polyclonal (LI-COR 926-32210, 1:20000), or IRDye 

800RD goat anti-rabbit IgG polyclonal (LI-COR 926-32211, 1:20000). All primary 

targets of interest were normalized to GAPDH expression in the same lane prior to 

further analyses.  

2.6. Primer Design 

To design primers for genes of interest, transcripts were used to identify each exon and 

intron using the NCBI database. Primers were then designed to span exon-to-exon 

junctions, with reverse primers targeted to an exon subsequent to the forward primer. 

More specifically, the sequences of all exons were separated from the intron sequences 

using the FASTA transcript and the genomic regions marked on the NCBI gene page. 

Transcripts of single exons were plugged into the Primer3 website to generate potential 

forward and reverse primers. The potential primer sequences were then plugged into the 

free Beacon Designer website to determine dimer potentials. Primers with greater than 

four, for any of the dimer possibilities were eliminated. Primer sequences were also 

assessed using Primer Blast using the same standards. Primers are listed in Supplemental 

D. 

2.7. RNA Analysis 

Isolated brain regions from individual mice were either flash frozen in liquid nitrogen 

and stored at -80°C for later processing or used immediately for RNA isolation (Zymo 

Research Microprep kit, R1050), cDNA synthesis (Quantabio qScript cDNA synthesis 

kit, 95047-100), PCR using Pfu Turbo DNA polymerase (Agilent, 600250) and qPCR 

using SYBR Green (Applied Biosystems, 43-444-63). Temperature (50, 53, 55, and 60° 
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C), and concentration (50 ng, 25 ng, and 10 ng per reaction) gradients were conducted 

for each primer set by basic PCR using Pfu Turbo to amplify genes of interest, and 

products were electrophoresed on an agarose gel (2%) to confirm proper band size. After 

optimization, synthesized cDNA was then used to run qPCR (Applied Biosystems Vii 

A7). All samples were run in triplicate. Using the cycle threshold (ct) method, mean ct 

was used to calculate the fold change of each protein after normalizing to GAPDH. If 

any sample had a ct standard deviation greater than 0.5, the sample that varied the most 

was removed and a new ct average was calculated. After quantification, PCR products 

were run on an agarose gel (2%) to confirm band size.  

2.8. Immunohistochemistry (IHC) 

Whole brains were removed from the skull, lightly fixed in paraformaldehyde (PFA; 4%; 

24 hrs), and cryoprotected in sucrose solution (30%; 48 hours or until the brain sank) 

before slicing on a microtome (40 um). Slices were serially incubated in anti-FMRP 

(abcam ab17722, 1:500) followed by AlexaFluor568 donkey anti-rabbit (abcam 

ab175470, 1:200), then goat anti-choline acetyltransferase (ChAT) polyclonal antibody 

(Millipore AB144P, 1:100) primary followed by AlexaFluor647 donkey anti-goat 

(Fitzgerald 43R-ID028AF, 1:200). Slices were mounted onto a microscope slide and 

imaged (40X) using a motorized inverted microscope (Olympus IX83) with confocal 

scanning head (Fluoview FV1200).  

2.9. Statistics 

Statistical analysis was performed in GraphPad Prism or SPSS. In operant conditioning, 

animals took different numbers of days to meet the criteria during each phase, thus the 
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first and last days were analyzed alone, with port (active, inactive) as a repeated 

measure, using Two-Way Mixed ANOVAs. CPP scores from the pre- and post-tests 

were analyzed as repeated measures using Two-Way Mixed ANOVAs (test x genotype). 

For western blotting of cellular fractions, fluorescent signals on LI-COR images were 

quantified (ImageStudio Lite, version 5.2). Expression of each protein in the S1 fraction 

(total homogenate) was verified not to differ between genotypes using independent 

samples t-tests. S2 and P2 fractions were then normalized to the corresponding WT S1 

fraction and analyzed using separate Two-Way Mixed ANOVAs (genotype x fraction) 

for each protein. For qPCR, independent samples t-tests were ran to compare the fold 

change of each gene target between genotypes. All graphs display the mean ± S.E.M. 
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3. RESULTS

3.1. Fmr1 Total KO (FXS) Mouse Line 

3.1.1. Behavioral Testing  

3.1.1.1. Social conditioned place preference 

After conditioning, Fmr1 KO mice (n=24) reduced, while WT mice (n=26) increased, 

the amount of time spent in the social-paired chamber, in general. However, the two 

groups did not differ significantly from one another in their CPP scores at the post-test, 

nor did either group differ significantly in time spent in the social-conditioned chamber 

at post-test compared to their own pre-test (Figure 1). When looking at the entries into 

the social-paired chamber, there is a significant difference between the pre- and post-

tests, due to an increase in entries during the post-test across both genotypes (Two-Way 

Mixed ANOVA, main effect of test session, F1,48 = 24.61, p<0.0001), an effect that 

remained significant for both Fmr1 KO and WT groups (Figure 2; Bonferroni post-hoc 

comparisons: WT, p<0.0001; KO, p<0.05). In addition, there was a significant 

difference between pre- and post-test entries into the unpaired (non-social) chamber 

(Two-Way Mixed ANOVA, F1,48 = 26.50, p<0.05), again due to an increase in post-test 

entries, an effect that persisted when looking at each genotype individually (Figure 3; 

Bonferroni post-hoc comparisons: WT, p<0.001; KO, p<0.01). 



14 

Figure 1: Fmr1 WT vs KO mice comparing the pre- and post-test scores. Two-way 

Repeated measures (RM) ANOVA. KO: n=24; WT: n=26. Data shown are mean ± 

SEM. 

Figure 2: Paired chamber entries comparing pre- and post-test of Fmr1 WT and KO 

mice. Two-Way Mixed ANOVA.  *p<0.05, ****<0.0001. KO: n=24; WT: n=26. Data 

shown are mean ± SEM. 
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Figure 3: Comparison of number of entries between pre- and post-tests of Fmr1 WT and 

KO mice, into the unpaired conditioning chamber. Two-Way Mixed ANOVA. 

**p<0.01, ***<0.001. KO: n=24; WT: n=26. Data shown are mean ± SEM. 

3.1.1.2. Food operant behavior 

As described, animals were moved through acquisition and extinction phases based on 

performance (meeting phase criteria) rather than the number of days, meaning that 

individual mice differed in the number of days spent in these phases. Importantly, all 

animals (9 WT, 11 KO) met acquisition phase criteria within 12 days, and there was no 

significant difference in the number of days required to reach criteria by WT and Fmr1 

KO mice (Figure 4, inset). In addition, there was no significant difference in the number 

of active nose pokes made on either the first day or over the last four days between KO 

and WT mice (Figure 4; independent samples t-test, 2-tailed, t18 = 0.4291, p=0.673; 

Two-Way Repeated Measures (RM) ANOVA, F3,54=10.55, p<0.0001, respectively). 
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Following acquisition was extinction. All animals met extinction criteria within eight 

days, and there was no significant difference in the amount of days it took the groups to 

reach extinction criteria (Figure 5, inset). Although, there was no significant difference 

in the number of active port nose pokes between groups on the first day of extinction, 

there was a trend towards a significant difference in this measure on the last day of 

extinction (Figure 5; independent samples t-test, 2-tailed, t18 = 2.053, p=0.0549), where 

Fmr1 KO mice made more active port nose pokes than their WT counterparts. For re-

acquisition, when reinforcer was again made available during the task for active nose 

pokes, there was no significant difference in the amount of days it took for the genotypes 

to reach criteria; all animals met criteria for re-acquisition within four days. Groups also 

did not differ significantly on the number of reinforcers earned on the first or last day of 

re-acquisition (Figure 6). During dose response testing, genotypes did not differ 

significantly in their active port responses over five reinforcer concentrations (Figure 7). 
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Figure 4: Acquisition of Fmr1 KO vs. WT animals during 1st and last 4 days, as well as 

the average number of days for groups to reach criteria. Independent samples t-test (2-

tailed) on 1st days, Two-way RM ANOVA on last 4 days. Data shown are mean ± SEM. 

KO: n=9; WT: n=11. 
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Figure 5: Average number of active nose pokes by genotype on 1st and last days of 

extinction. Also, the average number of days for each group to reach criteria. 

Independent samples t-test (2-tailed). #p=0.0549. KO: n=9; WT: n=11. Data shown are 

mean ± SEM. 

Figure 6: Average number of reinforcers earned for each genotype on 1st and last days 

of reacquisition, along with the average number of days to reach criteria. Independent 

samples t-tests (2-tailed). KO: n=9; WT: n=11. Data shown are mean ± SEM. 
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Figure 7: Dose response (Ensure®, vanilla-flavored) for each genotype at each dilution. 

Two-way RM ANOVA. KO: n=9; WT: n=11. Data shown are mean ± SEM. 

3.1.2. Tissue Analysis 

3.1.2.1. Social Conditioned Place Preference 

Dorsal striatum, as well as the nucleus accumbens, tissue from Fmr1 KO and WT mice 

that underwent social CPP were prepared for qPCR. Previously identified targets of 

FMRP were assessed, including Arc (variant 2), Shank2, Rac1, and Dgkκ. For dorsal 

striatum, there was a trend towards a significant main effect of genotype for Dgkκ 

expression, with increased expression in the KO animals (Figure 8; Mann Whitney U 

test, U=4; median WT=11.27, n=4; median KO=10.88, n=4; p=0.0952). Expression of 

Rac1, Shank2, and Arc did not significantly differ between genotypes.  
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In the nucleus accumbens, Arc and Rac1 expression between genotypes did not reach the 

threshold for significance. Shank2, however, was significantly increased in the WT 

group (Figure 9; independent samples t-test, 2-tailed, t2 = 10.83, p<0. 0.01); however, 

this analysis had a very small sample size.  

Figure 8: Expression of Dgkκ in the dorsal striatum. Ct values normalized to GAPDH. 

WT: n=5; KO: n=5. Mann Whitney U Test. #p=0.0952.  Data shown are mean ± SEM. 



21 

Figure 9: Expression of Shank2 in the nucleus accumbens. Ct values normalized to 

GAPDH. Unpaired t-test. *p<0.01. WT: n=2; KO: n=2. Data shown are mean ± SEM. 

3.1.2.2. Food Operant Conditioning 

Tissue from mice that had undergone food operant conditioning was used for 

synaptosome preparation and western blotting. Protein expression was compared 

between the S2 (cytosolic) and P2 (synaptosome) fractions, as well as between 

genotypes, from the dorsal striatum and the nucleus accumbens. Analysis of ARC 

protein of the 55 kDa size across the S2 and P2 fractions showed main effects of fraction 

for both dorsal striatum (Figure 10; Two-Way Mixed ANOVA, F1,6 = 9.472, p<0.05) 

and NAc (Figure 11; F1,6 = 8.452, p<0.05), in both cases due to an increase in P2 ARC 

expression. 
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Figure 10: Comparison of ARC expression in WT and KO animals between fractions. 

KO: n=4; WT: n=4. Two-Way Mixed ANOVA. *p<0.05. Data shown are mean ± SEM. 

Figure 11: Comparison of ARC, within the NAc region across S2 and P2 fraction. KO: 

n=4; WT: n=4. Two-Way Mixed ANOVA. *p<0.05. Data shown are mean ± SEM. 
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For ARC, there was also noticeable binding near 130 kDa, resulting in a band that was 

quantified. In the dorsal striatum, there was significant main effect of fraction found for 

this band (Figure 12; Two-Way Mixed ANOVA, F1,6 = 32.296, p<0.001) due to 

decreased expression in the P2 fraction compared to the S2 fractions, and this effect was 

significant within each genotype (Bonferroni post-hoc comparisons: WT, p< 0.01; KO, 

p<0.05). Analysis of this same band from NAc tissue showed a significant interaction 

between genotype and fraction (Figure 13; Two-Way Mixed ANOVA, F1,6 = 8.921, 

p<0.05). Follow-up analyses (Univariate ANOVAs) revealed a significant difference 

between genotypes for the cytosolic (S2) (p<0.05), but not the synaptosomal (P2), 

fraction, with KO mice having higher expression than WT. There was also a significant 

simple main effect of fraction in the KO group (p<0.05), where S2 expression was 

greater than P2, while only a trend towards a significant main effect of fraction was 

observed in the WT group (Figure 14). 
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Figure 12: Expression of non-specific ARC band within dorsal striatum region. KO: 

n=4; WT: n=4. Bonferroni post-hoc comparison. *p<0.05, **p<0.01. Data shown are 

mean ± SEM. 

Figure 13: Expression of non-specific ARC band across fractions within genotype. KO: 

n=4; WT: n=4. Two-Way Mixed ANOVA with Univariate ANOVA follow-up. *p<0.05. 

Data shown are mean ± SEM. 
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Figure 14: Expression of non-specific ARC band within NAc region across fractions. 

KO: n=4; WT: n=4. Two-Way Mixed ANOVA. *p<0.05, #=0.092. Data shown are 

mean ± SEM. 

For PSD-95 in the dorsal striatum, there was a trend towards a significant main effect of 

fraction (Figure 15; Two-Way Mixed ANOVA, F1,5 = 4.305, p=0.093). For PSD-95 

expression within the nucleus accumbens, there was a significant main effect of fraction 

(Two-Way Mixed ANOVA, F1,6 = 18.073, p<0.01), and further analysis revealed 

increased expression within the P2, compared to the S2, fraction for WT and a trend for 

KO) (Figure 16; Bonferroni post-hoc comparisons: WT, p<0.05; KO, p=0.06). The final 

protein probed for was RAC1, and there was a significant main effect of fraction in 

dorsal striatum (Figure 17; Two-Way Mixed ANOVA, F1,6 = 8.247, p<0.05) and a trend 

towards a significant main effect of fraction in the nucleus accumbens (Figure 18; Two-

Way Mixed ANOVA, F1,6 = 5.509, p<0.057).  
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Figure 15: Expression of PSD-95 in the dorsal striatum. KO: n=4; WT: n=4. Two-Way 

Mixed ANOVA. #=0.052. Data shown are mean ± SEM. 

Figure 16: Expression of PSD-95 within the P2 fraction of both genotypes. KO: n=4; 

WT: n=4. Bonferroni post-hoc comparison. *p<0.05; #p=0.06. Data shown are mean ± 

SEM. 
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Figure 17: Expression of RAC1 in dorsal striatum in the S2 compared to P2 fraction. 

KO: n=4; WT: n=4. Two-Way Mixed ANOVA. *p<0.05. Data shown are mean ± SEM. 

Figure 18: Expression of RAC1 in nucleus accumbens in the S2 and P2 fractions. KO: 

n=4; WT: n=4. Two-Way Mixed ANOVA. #=0.057. Data shown are mean ± SEM. 

3.1.2.3. Behavioral Correlations 
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Behaviors throughout the food operant conditioning experiment were analyzed to 

determine if there was any correlation between behavioral responses and protein 

expression. This analysis was performed for every protein tested using western blots for 

the S2 and P2 fractions in WT compared to Fmr1 KO animals. The behaviors analyzed 

were number of reinforcers earned on day one of acquisition, number of reinforcers 

earned during each of the last four days of acquisition, number of active port nose pokes 

on the first day of extinction, number of active port nose pokes on the last day of 

extinction, number of reinforcers earned on the first day of reacquisition, number of 

reinforcers earned on the last day of reacquisition, and the average number of reinforcers 

earned at each dose during dose response testing.  

3.1.2.3.1. Acquisition Behaviors  

3.1.2.3.1.1. Dorsal Striatum 

In dorsal striatum, there was a significant correlation between ARC expression in the S2 

fraction and number of reinforcers earned on the last day of acquisition for wild type 

animals (Pearson’s correlation, r = -0.9588, p<0.05, n=4). There were no significant 

correlations observed in the KO animals when analyzing ARC expression in the S2 

fraction. There were also no significant correlations observed when analyzing behavioral 

correlations and ARC expression in the P2 fraction for WT or KO animals. No 

significant differences were observed when analyzing the expression of the unspecified 

ARC band in either the WT or KO animal in either the S2 or P2 fractions.  
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For RAC1, there was a significant correlation between expression in the P2 fraction of 

WT animals and number of reinforcers earned in the day prior to the last day of 

acquisition (Pearson’s correlation, r = 0.9622, p<0.05, n=4), as well as with the last day 

of acquisition (Pearson’s correlation, r = 0.9588, p<0.05, n=4). In KO animals, there was 

a significant correlation between RAC1 in the P2 fraction and the number of reinforcers 

earned on the fourth to last day of acquisition (Pearson’s correlation, r = -0.9545, 

p<0.05, n=4). 

For PSD-95, there was a significant correlation of expression in the P2 fraction of KO 

animals and the number of reinforcers they earned during the second to last day of 

extinction (Pearson’s correlation, r = -0.9992, p<0.001, n=4), as well as during the last 

day of extinction (Pearson’s correlation, r = -0.9901, p<0.01, n=4). There were no 

significant correlations in the S2 or P2 fractions of the WT animals. There also were no 

significant correlations or trends in the S2 fraction of the KO animals.  

3.1.2.3.1.2. Nucleus Accumbens 

There were no significant correlations when analyzing the expression of ARC in either 

the S2 or P2 fractions of WT or KO animals. There was a significant correlation between 

RAC1 expression in the WT S2 fraction and the number of reinforcers earned during the 

third to last day (Pearson’s correlation, r = 0.9762, p<0.05, n=4), the second to last day 

(Pearson’s correlation, r=0.9867, p<0.05, n=4) and the last day (Pearson’s correlation, r 

= 0.9930, p<0.01, n=4). In the P2 fraction of KO animals there was a significant 

correlation between PSD-95 expression and the number of reinforcers earned during the 
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second to last day of acquisition (Pearson’s correlation, r = -0.9891, p<0.05, n=4) and 

during the last day of acquisition (Pearson’s correlation, r = -0.9694, p<0.05, n=4). 

There were no significant correlations in the WT animals for PSD-95.  

3.1.2.3.2. Extinction 

3.1.2.3.2.1. Dorsal Striatum 

For ARC, the higher molecular weight band that appeared with Arc, RAC1, and PSD-95 

expression in the S2 or P2 fractions, there were no significant correlations with the first 

day of extinction for either the WT or KO animals.  

3.1.2.3.2.2. Nucleus Accumbens 

There was a significant correlation between RAC1 expression in the P2 fraction of WT 

animals and the number of active nose pokes during the first day of extinction (Pearson’s 

correlation, r = 0.9619, p<0.05, n=4). For this region, there were no other significant 

correlations or trends in any of the tested proteins in either the WT or KO animals in 

either fraction with extinction-related measures. 

3.1.2.3.3. Reacquisition 

3.1.2.3.3.1. Dorsal Striatum 

There was a significant correlation between ARC expression and the number of 

reinforcers earned during the first day of reacquisition in the S2 fraction of WT animals 

(Pearson’s correlation, r = -0.9724, p<0.05, n=4).  
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3.1.2.3.3.2. Nucleus Accumbens 

In the P2 fraction of the WT animals, there was a significant correlation between RAC1 

expression and the number of reinforcers earned during the first day of reacquisition 

(Pearson’s correlation, r = 0.9901, p<0.01, n=4). 

3.1.2.3.4. Dose Response Testing 

3.1.2.3.4.1. Dorsal Striatum 

In the S2 fraction of WT animals there was a trend towards significant correlation of 

ARC expression and the average number of reinforcers earned at the three (Pearson’s 

correlation, r = -0.9002, p=0.0998, n=4) and 32 percent (Pearson’s correlation, r = -

0.9446, p=0.0554, n=4) reinforcer concentrations. In the P2 fraction of the KO animals, 

there was a significant correlation between ARC expression and the average number of 

reinforcers earned at the 100 percent concentration (Pearson’s correlation, r = 0.9907, 

p<0.01, n=4). In the S2 fraction of the WT animals, there was a significant correlation 

between the expression of the unspecified ARC and the average number of reinforcers 

earned at the 32 percent dose (Pearson’s correlation, r = 0.9528, p<0.05, n=4). In the P2 

fraction of the KO animals there was a significant correlation between the average 

number of reinforcers earned at the 100 percent dose and the expression of the 

unspecified ARC (Pearson’s correlation, r = 0.9907, p<0.01, n=4). In the S2 fraction of 

the KO animals there was a significant correlation between the average number of 

reinforcers earned and PSD-95 expression (Pearson’s correlation, r=0.9789, p<0.05, 

n=4).  
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3.1.2.3.4.2. Nucleus Accumbens 

In the P2 fraction of the WT animals there was a significant correlation between 

expression of the unspecified ARC and the average number of reinforcers earned at the 

32 percent concentration (Pearson’s correlation, r = 0.9872, p<0.05, n=4). In the S2 

fraction of the WT animals there was a significant correlation between RAC1 expression 

and the average number of reinforcers earned at the 32 percent dose (Pearson’s 

correlation, r = 0.9378, p=0.0622, n=4). In the P2 fraction of the WT animals there was a 

significant correlation between RAC1 expression and the average number of reinforcers 

earned at the 0 percent dose (Pearson’s correlation, r = 0.9575, p<0.05, n=4) and the 

three percent dose (Pearson’s correlation, r = 0.9583, p<0.05, n=4). In the P2 fraction of 

the KO animals there was a significant correlation between the average number of 

reinforcers earned at the 100 percent dose and the expression of RAC1 (Pearson’s 

correlation, r = -0.9783, p<0.05, n=4). In the S2 fraction of the KO animals there was a 

significant correlation between PSD-95 expression and the average number of 

reinforcers earned at the 0 percent dose (Pearson’s correlation, r=0.9749, p<0.05, n=4).  

3.2. ChAT-Cre x Fl-Fmr1 Conditional KO Mice 

3.2.1. Immunohistochemistry 

3.2.1.1. Co-localization of FMRP and ChAT 

Since disruption of the cholinergic system results in behaviors associated with ASD, we 

first confirmed presence of FMRP in cholinergic cells by immunohistochemical co-

staining of ChAT and FMRP in brain slices containing striatum (Figure 19).  
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Figure 19: Co-localization of ChAT (red) and FMRP (green). DAPI (nuclei) in blue. 

Scale bars = 10 µm.  

3.2.2. Behavioral Testing 

3.2.2.1. Social Conditioned Place Preference.  

Comparing the pre- and post-test scores of littermate mice with FMRP either present or 

conditionally knocked out in the cholinergic cell population, we observed a strong trend 

towards a significant genotype x test session interaction (Figure 20; Repeated Measures 

ANOVA, F1,27 = 3.617, p=0.068), where WT mice showed an increase in time spent in 

the social-paired chamber at the post-test and cKO mice showed a decrease. No 

significance was observed in follow-up analyses. As with the Fmr1 KO line, there was a 
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significant difference in the social-paired chamber entries, due to an increase in chamber 

entries which held for both genotypes individually (Figure 21; Two-Way Mixed 

ANOVA F1,27 = 29.28, p<0.0001). There was also a significant increase in entries into 

the unpaired (non-social) chamber (Figure 22; Two-Way Mixed ANOVA, main effect of 

test, F1,27 = 21.99, p<0.0001), which again, remained true for each genotype (Bonferroni 

post-hoc tests, WT p<0.05; KO p<0.01).  

Figure 20: ChAT-Cre+;Fl-Fmr1 and ChAT-Cre-;Fl-Fmr1 scores in both pre- and post-

tests. KO: n=16; WT: n=13. RM ANOVA. #=0.0679. Data shown are mean ± SEM. 
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Figure 21: ChAT-Cre+;Fl-Fmr1 and ChAT-Cre-; Fl-Fmr1 scores in both pre- and post-

tests. Two-Way Mixed ANOVA. **p<0.01, ***p<0.001. Data shown are mean ± SEM. 

Figure 22: ChAT-Cre+;Fl-Fmr1 and ChAT-Cre-;Fl-Fmr1 mice entries into the unpaired 

chamber in both pre-and post-tests. KO: n=16; WT: n=13. Two-Way Mixed ANOVA. 

*p<0.05, **p<0.01. Data shown are mean ± SEM.
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3.2.3. Tissue Analysis 

3.2.3.1. Social conditioned place preference 

Dorsal striatal and nucleus accumbens tissue was collected and synaptosomal and 

cytoplasmic fractions were prepared from the ChAT; Fl-Fmr1 cohort, as previously, for 

western blotting. In the dorsal striatum for ARC, there was a trend towards a main effect 

of fraction indicating an increase for ARC expression in the P2 fraction (Figure 23; 

Two-Way Mixed ANOVA, F1,4 =5.623, p=0.077). In addition to the ARC band that 

appeared at the appropriate size, there was the same additional band as was seen in the 

Fmr1 KO studies. This band was also analyzed in the ChAT-Cre cohort, and showed a 

main effect of fraction due to decreased expression in P2 fraction for the dorsal striatum 

(Figure 24; Two-Way Mixed ANOVA, F1,4 =13.102, p<0.05). For RAC1, there were no 

significant differences observed (Figure 25). The final protein, PSD-95, showed a trend 

towards a main effect due to an increase of expression in the P2 fraction compared to 

that of the S2 fraction (Figure 26; Two-Way Mixed ANOVA, F1,4 =7.630, p=0.051). 
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Figure 23: Expression of ARC in the P2 fraction from the ChAT Cre;Fl-Fmr1 study. 

WT: n=3; KO: n=3. Two-Way Mixed ANOVA. #=0.077. Data shown are mean ± SEM. 

Figure 24: Unspecified ARC expression in the dorsal striatum. KO: n=3; WT: n=3. 

Two-Way Mixed ANOVA. *p<0.05. Data shown are mean ± SEM. 
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Figure 25: Expression of RAC1 in dorsal striatum. Two-Way Mixed ANOVA. KO: 

n=3; WT: n=3. Data shown are mean ± SEM. 

Figure 26: Expression of PSD-95 in the dorsal striatum. KO: n=3; WT: n=3. Two-Way 

Mixed ANOVA. #=0.051.  Data shown are mean ± SEM. 
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These same proteins were also probed for using tissue from the nucleus accumbens. 

When analyzing ARC, there was a main effect due to the significant increase of 

expression in the P2 fraction (Figure 27; Two-Way Mixed ANOVA, F1,4 =51.871, 

p<0.01). For the ~130 kDa unidentified band that was present for ARC, there was a main 

effect of fraction due to the significant decrease of expression in the P2 fraction (Figure 

28; Two-Way Mixed ANOVA, F1,4 =23.339, p<0.01). RAC1 showed no significant 

difference between genotypes across the S1 fraction. There was a main effect of fraction 

due to an increased expression within the P2 fraction (Figure 29; Two-Way Mixed 

ANOVA, F1,4=8.704, p<0.05). Lastly, PSD-95 showed a trend towards a significant 

main effect of fraction due to an increased expression in the P2 fraction compared to the 

S2 fraction (Figure 30; Two-Way Mixed ANOVA, F1,4=7.288, p=0.054). 
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Figure 27: ARC expression in the nucleus accumbens in the ChAT-Cre; Fl-Fmr1 sCPP 

study. KO: n=3; WT: n=3. Two-Way Mixed ANOVA. *p<0.05. Data shown are mean ± 

SEM. 

Figure 28: Unspecified ARC expression in the NAc. KO: n=3; WT: n=3. Two-Way 

Mixed ANOVA. *p<0.01. Data shown are mean ± SEM. 
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Figure 29: RAC1 expression in the NAc. KO: n=3; WT: n=3. Two-Way Mixed 

ANOVA. *p<0.05. Data shown are mean ± SEM. 

Figure 30: PSD-95 expression in the NAc in the cytosolic and synaptic fractions. KO: 

n=3; WT: n=3. Two-Way Mixed ANOVA. #=0.054. Data shown are mean ± SEM. 
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4. DISCUSSION AND CONCLUSIONS

Fragile X syndrome and ASD are associated with social interaction deficits (Cordeiro et 

al., 2011). To better elucidate reward deficits associated with fragile X syndrome, tests 

of food and social reward behavior were designed and implemented. Social reward 

deficits in our test did not reach significance between Fmr1 WT and KO mice. However, 

conditional knockout mice lacking FMRP in cholinergic cells showed a strong trend 

towards a significant deficit in social reward. When using the Fmr1 KO mouse model in 

an operant conditioning test involving food reward, only very minor differences were 

apparent between the two genotypes, suggesting normal natural reward function with 

regard to palatable food in the mouse model for FXS and basically normal learning and 

extinction abilities. Using dorsal striatum and nucleus accumbens tissue collected from 

these mice, further experimentation was performed to identify any potential differences 

in the striatal expression of FMRP targets between the genotypes.  

The social conditioned place preference experiment did not result in a significant 

difference between Fmr1 KO and WT mice concerning their preference for the social 

context, an outcome that we hope to better understand. It is of note that Fmr1 KO mice 

did, on average, show mild avoidance of the social-paired chamber during the post-test, 

while WT mice instead showed a mild preference for this context. We note that in this 

assay, testing for social preference occurs in the absence of the social companion. 

Patients diagnosed with FXS have shown decreased social gaze, and are postulated to 
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suffer more from severe social anxiety than from a genuine lack of reward from social 

experiences (Hong et al., 2019). In light of this information, it may be that our social 

CPP paradigm is not optimal for measuring social deficits in fragile X mice.  

We also did not see significant reward deficits in Fmr1 KO mice using a palatable 

(sweetened, vanilla-flavored liquid) food in the operant conditioning assay. A previous 

study has shown that loss of FMRP results in impairment of cocaine-induced reward in 

the CPP assay, but also showed normal learning of CPP induced with a palatable (high-

fat solid) food (Smith et al., 2014). The slightly increased responses maintained during 

extinction by Fmr1 KO mice in our current assay, along with the slightly longer time 

frame for the animals to reach threshold for each phase, suggests that there may be a 

slight learning impairment—not enough to prohibit learning, but enough to delay it.  

Interestingly, social deficits were apparent when FMRP was removed specifically from 

cholinergic cells. Specifically, ChAT Cre+ and ChAT Cre- floxed-Fmr1 cKO mice 

showed divergent post-, compared to pre-, test responses for the social-paired chamber, 

where ChAT Cre+ floxed-Fmr1 mice avoided the social-paired chamber. It has 

previously been shown that loss of acetylcholine increases social deficits, and these 

deficits can be rescued by increasing acetylcholine levels (Karvat & Kimchi, 2014). 

Fragile X mice have been noted to have decreased acetylcholine in brain (Davidovic et 

al., 2011), including specifically in the striatum (Qiu, Chen, Guo, Wu, & Yi, 2016), 

although we note that the latter study was performed on the FVB mouse background 
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strain and not the C57BL/6 background that we use. Future studies will needed to study 

the effects of the loss of FMRP solely in striatal ChAT cells, as well as to further 

elucidate the effect this loss would have on acetylcholine levels. In addition to the effect 

on acetylcholine, further analysis of the expression and localization of FMRP’s targets in 

ChAT-expressing striatal cells either having or lacking FMRP is warranted.  

When we examined protein expression of FMRP targets in the Fmr1 KO and WT mice 

that underwent food operant conditioning, ARC was significantly increased in the P2 

fraction, showing higher synaptic localization. ARC has been shown to be increased at 

the basal level in KO hippocampal neurons (Niere et al., 2012), a finding we did not 

observe in our striatal samples. The non-specific ARC band was significantly higher in 

the S2 fraction in both KO and WT animals in the dorsal striatum, and in the nucleus 

accumbens, was significantly increased in KO, while trending towards significance in 

WT, animals, showing an increased localization to the cytosol in striatum. While it is not 

yet clear the significance of this band, dimers and trimers of ARC have been observed 

using crosslinking assays, suggesting they may occur under normal cellular conditions. 

To determine whether the higher molecular weight ARC band we are observing has 

functional relevance, future work will need to use these or similar techniques to explore 

this question in the context of our mouse model. PSD-95 was either trending toward a 

significant increase in the P2 fraction, as seen in the dorsal striatum of both genotypes 

for the total Fmr1 KO mouse line, as well as in the dorsal striatum and NAc of the 

ChAT; Fl-Fmr1 mice, or was significantly increased, as seen in the NAc P2 fractions of 
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the Fmr1 KO line. FMRP has been implicated in the stabilization of PSD-95 mRNA 

using samples of whole brain (Zalfa et al., 2007), and though there is not a significant 

difference, on average, the KO animals showed lower expression of PSD-95. RAC1 

levels of the KO animals compared to the WT animals varied across region, but this 

difference never reached the level of significance. FMRP is thought to be a negative 

regulator of RAC1, based on studies in the hippocampus, so an increase of RAC1 may 

be expected (Bongmba, Martinez, Elhardt, Butler, & Tejada-Simon, 2011). However, no 

evidence of this was observed in our protein analyses of striatal regions.     

In mice that underwent social CPP, qPCR analysis showed a trend toward significantly 

increased Dgkκ expression in Fmr1 KO animals. Interestingly, when observing the 

amplification curves of Dgkκ and Rac1, there was clear separation between KO and WT 

animals in each, providing a visual identification of genotype based on gene expression. 

There were three animals, however, that showed amplification curves more like the other 

genotype—an effect that interestingly, also applied to their social CPP scores. There was 

no significant difference in Arc expression between the genotypes. In the NAc, we found 

Shank2 to be significantly decreased in Fmr1 KO compared to WT mice with only two 

mice in each group. Although we will need to add animals to this analysis to be certain 

of this finding, it is suggestive of FMRP playing a critical role in Shank2 mRNA 

stabilization in striatal brain regions. Others have suggested that FMRP may play more 

of a direct role in transcriptional regulation. For example, this possibility for FMRP has 

been suggested for specific transcripts such as Necdin, or NDN (Liu et al., 2018). The 
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authors of this study suggested that genes involved in neurogenesis are mainly altered at 

the mRNA level, while synaptic genes are more often regulated at the translational level 

with adjustments occurring at each end. Here, our RNA findings could be the result of 

changes in translation efficiency due to loss of FMRP, or due to loss of FMRP’s 

translational regulation feeding back on transcriptional processes, but they do not rule 

out a direct role for FMRP in transcriptional regulation.  

Here our behavioral assays further elucidate behaviors associated FXS and ASD, 

resulting in considerations for future research. The more pronounced social aversion in 

the ChAT; Fl-Fmr1 line, in particular, may provide insight into the cellular pathways 

prominently involved in FXS, and the protein and RNA studies further illuminate the 

complexities of FMRP’s varied regulatory functions. Future studies should further 

elucidate FMRP’s role in the regulation of select targets, between transcription and 

translation.   
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APPENDIX A  

SUPPLEMENTAL FIGURES 

Figure A.1: Social conditioned place preference box. The 

conditioning chambers are those identified by the all grey walls or 

the stiped siding. The neutral chamber is located at the bottom of the 

image with the all-white siding. 
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Figure A.2: Food operant conditioning chamber. 

Figure A.3: Inactive and active nose ports located within the operant chamber separated 

by the reward magazine. 
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Primer Direction Sequence 5'-3' 

ARC Variant 1 Forward CAGTGATTCATACCAGTGAAGAAG 

ARC Variant 1 Reverse GTGATGCCCTTTCCAGACAT 

ARC Variant 2 Forward GAGCCAGGAGAATGACACCA 

ARC Variant 2 Reverse GTGATGCCCTTTCCAGACAT 

DGKK Forward CCGTTTTCGTGTTCTGGTTT 

DGKK Reverse CACGAGCGAGATCATTACCA 

GAPDH Forward AGGTCGGTGTGAACGGATTTG 

GAPDH Reverse TGTAGACCATGTAGTTGAGGTCA 

RAC1 Forward CCATCAAGTGTGTGGTGGTG 

RAC1 Reverse AACTGATGAGCAGGCAGGTT 

SHANK2 Forward GCAGATGAACAGGGGGAAAT 

SHANK2 Reverse GCTCAATTCCGTTGGTGAAA 

Figure A.4: List of primers and their corresponding sequences along with the 

directionality of the primer. 

Figure A.5: Expression of Dgkκ in the dorsal striatum. Ct values normalized to 

GAPDH. WT: n=5; KO: n=5. Mann Whitney U Test. #p=0.0952. 
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Figure A.6: Expression of Dgkκ in the dorsal striatum. Ct values normalized to 

GAPDH. WT: n=5; KO: n=5. Mann Whitney U Test. #p=0.0952. 
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Figure A. 7: Expression of Shank2 in the nucleus accumbens. Ct values normalized to 

GAPDH. Unpaired t-test. *p<0.01. WT: n=2; KO: n=2. 

Figure A.8: Expression of Shank2 in the nucleus accumbens. Ct values normalized to 

GAPDH. Unpaired t-test. *p<0.01. WT: n=2; KO: n=2. 




