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This dissertation describes experiments designed to delete/knockdown 

molecules from targeted neuronal populations to study brain region-specific 

behavioral functions.  To this end, I utilized two different conditional knockdown 

techniques to study the role of the presynaptic active zone molecule Rab3A-

interacting Molecule (RIM1) and the phosphatase and tensin homologue on 

chromosome 10 (PTEN).  
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The cre-lox system was used to eliminate RIM1 from the hippocampal 

dentate gyrus and area CA3, while adeno-associated virus expressing PTEN-

directed interference RNA was injected into the basolateral amygdala to 

knockdown PTEN in local pyramidal neurons. 

In the case of RIM1, I hypothesized that deletion of RIM1 from the 

dentate gyrus or from area CA3 would replicate a subset of the learning and 

memory deficits found in RIM1α-/- mice. Though the conditional RIM1 knockout 

mice were not completely selective for the dentate gyrus or for area CA3, both 

conditional knockouts induced a different behavioral abnormality present in 

RIM1α-/- mice. My results help narrow the potential brain regions involved in 

key RIM1α-/- mice behavioral aberrations. 

In the case of PTEN, I hypothesized that deletion of PTEN specifically in 

the basolateral amygdala (BLA) would cause increased anxiety and neuronal 

hypertrophy.  Knockdown of PTEN in the BLA did not induce anxiogenesis though 

it did increase soma volume, dendritic caliber, spine size, mushroom:thin spine 

ratio, and the frequency of spontaneous miniature excitatory post-synaptic 

currents. These findings are in contrast to previous findings of increased spine 

density with PTEN knockdown. This difference likely represents the more 

sensitive techniques employed in the present studies to ascertain dendritic spine 

type and density. Though PTEN knockdown had synaptic effects I did not observe 
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any behavioral effects. However, limitations in viral knockdown of PTEN 

transcripts or viral infection rate may be responsible for the lack of effect. 

Indeed, limitations exist for both the transgenic and viral approaches 

used which proved to be challenging obstacles to designing experiments, 

interpreting data and coming to more extensive concrete conclusions. Transgene 

expression is often not as selective as desired. Virus injections may not localize 

to target region or may not infect enough neurons. Understanding and 

characterizing these and other limitations is vital. 
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CHAPTER 1 

 

Region-specific deletions of RIM1 reproduce a subset of 

global RIM1α-/- phenotypes 

(Haws et al., 2012) 
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Chapter 1, Section 1 

Introduction and Methods 

 

Introduction 

Understanding the biochemical mechanisms of learning and memory and 

cognition is a critical step toward treating primary disorders of learning and memory as 

well as psychiatric and neurologic diseases. These include Alzheimer’s, autism spectrum 

disorder, major depression, anxiety, mental retardation, dementia and schizophrenia to 

name just a few. These illnesses are diverse, affect every age group and, although 

knowledge is increasing, their causes still remain unexplained in many cases. Over the 

past 5 or 6 decades the many mechanisms of synaptic plasticity have become a central 

point of interest to many scientists and understanding their physiological role in learning 

and memory, cognition and disease is a principal goal of neuroscience. Post synaptic 

mechanisms of plasticity are perhaps the most studied and their role in cognitive 

processes is being elucidated (Kandel, 2001, Matynia et al., 2002). Many of these 

molecular processes intersect with human disorders such as mental retardation, 

Alzheimer’s disease and schizophrenia (Weeber et al., 2002a, Weeber et al., 2002b, 

Weeber and Sweatt, 2002, Young et al., 2010). 

 The role of presynaptically expressed forms of plasticity are less clear, but not 

less important. Little is known of the mechanisms by which presynaptically expressed 

forms of short- and long-term plasticity may participate in information processing/ 



3 
 

 

storage or may affect cognition, though their involvement is clear (Powell, 2006).   

In mice, global deletion of presynaptic proteins often results in significant 

behavioral abnormalities reminiscent of human cognitive disease.  Silva et al. have 

found that decreases in paired pulse facilitation (PPF) or post-tetanic potentiation (PTP), 

two forms of presynaptic short term plasticity, in synapsin II-/-, synapsin I/II-/-, and 

alpha calmodulin-dependent protein kinase II heterozygous mutants (αCaMKII +/-) 

displayed learning deficits in fear conditioning and the Morris water maze (MWM) (Silva 

et al., 1996). Furthermore, enhanced cornu ammonis 1 of the hippocampus (CA1) PPF or 

PTP has also been associated with learning abnormalities in synaptotagmin IV-/- mice 

(Ferguson et al., 2004). Mice lacking neurexin, a presynaptic protein associated with 

autism spectrum disorder, have alterations of synaptic function and a disturbance of 

social behavior (Etherton et al., 2009).  These findings are supported by post mortem 

studies of schizophrenic brains that have consistently found alterations in presynaptic 

proteins, particularly genes involved in neurotransmission of gamma-aminobutyric acid 

(GABA), in the cerebellum, hippocampus and cortex (Glantz and Lewis, 1997, Eastwood 

et al., 2001, Sawada et al., 2005, Tamminga et al., 2004, Guidotti et al., 2000, Akbarian 

and Huang, 2006, Woo et al., 2004).  

The most studied form of long-term presynaptic plasticity occurs in the 

hippocampus where mossy fibers synapse onto cornu ammonis 3 (CA3) pyramidal cells, 

though its role is somewhat controversial: mossy fiber long-term potentiation (mfLTP) 

(Henze et al., 2000). One study finds that the absence of the regulatory (R1) or catalytic 
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(C1) subunit of protein kinase A (PKA) prevents mfLTP while sparing several learning 

and memory tasks including the Morris water maze (MWM) and fear conditioning 

(Huang et al., 1995).  Ras-related protein 3A (Rab3A) deficient mice, which also lack 

mfLTP, support this finding (Hensbroek et al., 2003, Powell et al., 2004). However, a 

more thorough behavioral investigation of the Rab3A deficient mouse reports a deficit 

in the delayed-match-to-place version of the Morris water maze, suggesting that mfLTP 

plays a role in more complex forms of “episodic-like” spatial memory or working 

memory (D'Adamo et al., 2004).  These subtler types of learning and memory were not 

studied in the preceding mouse models that were lacking mfLTP. Unfortunately, all of 

these studies are confounded by the additional synaptic abnormalities these global 

knockout (KO) mice possess, precluding a true association of hippocampal-specific 

functions of these plasticity-mediating genes to the observed behavioral abnormalities. 

Another form of presynaptic plasticity that has gained significant attention is 

mediated by endocannabinoids (eCBs). In this pathway, eCBs are made in the 

postsynaptic cell in response to excitatory inputs, diffuse out of the cell and bind their 

receptor, cannabanoid receptor 1 (CB1), on the presynaptic membrane, or the 

membrane of other nearby inputs, ultimately decreasing neurotransmitter release. Both 

short- and long-term forms of CB1-mediated plasticity exist although different signaling 

pathways are used downstream of the CB1 receptor.  Inhibitory long term depression 

(iLTD) is a PKA dependent form of CB1-mediated presynaptic plasticity (Chevaleyre et 

al., 2006, Chevaleyre et al., 2007). The CB1 receptor KO mouse exhibits a deficit in 
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extinction of auditory fear conditioning compared to wild-type (WT) controls, a 

phenotype mimicked with local application of CB1 antagonists to the basolateral 

amygdala (BLA), a brain region known to be involved in extinction of aversive memories 

(Marsicano et al., 2002, Chhatwal et al., 2005, Varvel et al., 2005, Kamprath et al., 2006, 

Cannich et al., 2004). Additional studies have suggested a role of the CB1 receptor in 

other learning tasks such as MWM, 8 arm radial maze, and delayed-non-match-to-

sample (Lichtman et al., 2002, Robinson et al., 2007). 

 In addition to the genes already discussed above, all of the forms of presynaptic 

plasticity mentioned also utilize another group of presynaptic proteins: Rab3A 

interacting molecules (RIMs). RIMs are active zone proteins primarily expressed in 

neurons and are involved in several aspects of presynaptic function (Wang et al., 1997, 

Castillo et al., 2002, Schoch et al., 2002). There are 4 RIM genes (RIM1, RIM2, RIM3 and 

RIM4) with different expression patterns within the mouse brain. RIM1 and RIM2 both 

possess long α and β isoforms, while RIM2, RIM3 and RIM4 possess short γ isoforms 

(Kaeser et al., 2008, Wang et al., 2000). These proteins interact with multiple 

presynaptic active zone and synaptic vesicle proteins in vivo and are thought to act as 

molecular scaffolding proteins involved in organizing and modulating synaptic release 

machinery (Schoch et al., 2002, Wang et al., 2002, Wang et al., 1997, Wang et al., 2000, 

Betz et al., 2001, Coppola et al., 2001, Takao-Rikitsu et al., 2004, Ohtsuka et al., 2002). 

Their selective localization to active zones and its interactions with many presynaptic 
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molecules places RIM proteins in key positions to mediate presynaptic release and 

plasticity. 

RIM1 modulates neurotransmitter release and is involved in presynaptically 

mediated plasticity. Mice lacking RIM1 display around a 50% reduction in probability of 

evoked neurotransmitter release (Pr) at the Schaffer-collateral to CA1 pyramidal neuron 

synapse in hippocampal slices (Schoch et al., 2002). This decrease in Pr is accompanied 

by an increase in PPF.  Prolonged stimulation at 14 Hz reveals a lack of normal synaptic 

depression (Schoch et al., 2002). A later report suggests this is caused by an increase in 

the probability of release of individual synaptic vesicles in the RIM1 KO mouse during 

the first 4 or 5 responses (Calakos et al., 2004b).  In addition, PTP is augmented in 

RIM1 KO mice (Schoch et al., 2002). 

 The PKA dependent mfLTP is absent in RIM1-/- mice without affecting short 

term plasticity at that location (Castillo et al., 2002). A similar form of presynaptically 

expressed LTP at the parallel fiber/Purkinje cell synapse in the cerebellum is also absent 

in these mice (Castillo et al., 2002, Lonart et al., 2003). RIM1-/- cerebellar cultures lack 

presynaptic LTP, which can be rescued by expression of wild-type RIM1 (Lonart et al., 

2003).  

 Because of the PKA-dependence and presynaptic expression, one group 

hypothesizes that iLTD shares molecular mechanisms with other presynaptic, PKA-

dependent forms of LTP such as mfLTP (Castillo et al., 2002).  In another report, results 

suggests that RIM1-/- mice do not exhibit iLTD but do retain other PKA-independent 
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forms of CB1 mediated short term plasticity, concluding that RIM1 is required for iLTD 

(Chevaleyre et al., 2007). 

The behavioral effects of RIM1α deletion have been most thoroughly 

investigated by Dr. Craig Powell. In 2004 and 2010, he reported that RIM1α-/- mice had 

significant learning and memory deficits, social deficits and even schizophrenia-like 

phenotypes. These abnormalities include learning deficits in the Morris water maze 

(MWM) and both contextual and cued fear conditioning (Powell et al., 2004), decreased 

pre-pulse inhibition (Blundell et al., 2010b), increased locomotor response to novelty 

(Powell et al., 2004), deficits in social interaction with a juvenile (Blundell et al., 2010b), 

increased sensitivity to the non-competitive N-methyl-D-aspartic acid (NMDA) receptor 

antagonist MK-801 (Blundell et al., 2010b) and deficits in maternal behavior (Schoch et 

al., 2002).  

Given RIM1’s diverse functions and expression, attributing behavioral 

phenotypes in the RIM1α-/- mouse to the loss of RIM1α from specific neurons is 

difficult.  Consequently, I obtained a conditional (floxed) Rim1 knockout (RIM1f/f) 

mouse from Dr. Thomas Sudhof, and crossed it to previously characterized transgenic 

cre recombinase lines.  Initially, I aimed to examine the behavioral effects of eliminating 

RIM1 selectively from 3 distinct neuronal populations: 1) dentate gyrus (DG) granule 

neurons, where it is required for mfLTP (Castillo et al., 2002) and thought to play a role 

in episodic-like/working memory (Hensbroek et al., 2003), 2) from CA3 pyramidal 

neurons, where it is required for multiple forms of presynaptic plasticity (Schoch et al., 
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2002, Calakos et al., 2004a) and where I hypothesized it would play a role in the learning 

and memory deficits observed in the RIM1-/- mouse, 3) from inhibitory interneurons 

of the forebrain (Yee et al., 2009, Kohwi et al., 2007) where it is required for iLTD, whose 

role in cognition and learning and memory is unknown.  Unfortunately, none of the cre 

driver lines were as selective when crossed to the fRIM1 mutants as had been previously 

reported (Balthasar et al., 2004, McHugh et al., 2007, Nakazawa et al., 2002, Kohwi et 

al., 2007). In fact, the interneuron-directed cre recombinase driver line was removed 

completely from the study due to significant ectopic cre-mediated recombination. 

Nevertheless, I observed that a subset of behaviors were altered in DG and CA3 

selective RIM1 KOs that match with the global RIM1α-/- mouse, thereby narrowing the 

brain regions involved in some behaviors.  Specifically, mice lacking RIM1 selectively in 

the DG, arcuate nucleus of the hypothalamus and select neurons of the cerebellum 

resulted in increased sensitivity to the psychotomimetic drug MK-801.  The findings also 

suggest that loss of RIM1 in other brain regions or in multiple brain regions 

simultaneously may partially reproduce other behavioral abnormalities observed in 

RIM1α-/- mice. 
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Methods 

Genetic manipulations 

Mice homozygous for the floxed Rim1 allele (RIM1f/f) were generated as 

described previously (Kaeser et al., 2008). Briefly, 129Sv R1 stem cells containing the 

fRIM1 construct were injected into C57BL/6J blastocysts to produce chimeric mice 

which were crossed for one generation to C57BL/6J for germ line transmission. They 

were then crossed to transgenic mice expressing flp recombinase mice (which were 

generated by injecting the flp transgene-containing vector into a fertilized egg from a 

B6SJLF1/J X B6SJLF1/J cross (Dymecki, 1996)) and the resultant offspring were 

intercrossed to generate the homozygous fRIM1 mice. The WT, floxed, and recombined 

RIM1 alleles were genotyped by PCR with oligonucleotide primers as described 

previously (Kaeser et al., 2008). The pro-opiomelanocortin-cre (POMC-cre) mouse was 

generously provided by Joel Elmquist; it was generated in FVB/NJ mice and previously 

backcrossed 3 times to C57BL/6J as previously reported (McHugh et al., 2007, Balthasar 

et al., 2004). The kainate-cre (KA-cre) mouse was generously provided by Susumu 

Tonegawa; it was generated in C57BL/6J mice, crossed to the Roas26 reporter mouse 

(Soriano, 1999) and then subsequently backcrossed 8 times to C57BL/6J mice as 

previously reported (Nakazawa et al., 2002). In order to generate mice homozygous for 

the floxed RIM1 allele with either the POMC-cre transgene (fRIM1/POMC-cre+) or KA-

cre transgene (fRIM1/KA-cre+) with sex-matched littermate controls (homozygous for 

floxed RIM1 allele without either cre transgene) I used the following 3-step breeding 

strategy. 1) Hemizygous POMC-cre+ or KA-cre+ mice were crossed with RIM1f/f mice. 2) 
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The resulting RIM1+/f, hemizygous cre+ mouse from cross 1 was crossed again with the 

RIM1f/f mouse. 3) The resulting RIM1f/f, hemizygous cre+ mouse from cross 2 was 

crossed a third time to the RIM1f/f mouse. This final cross provided sex-matched 

littermate pairs on a mixed genetic background that were homozygous for the floxed 

RIM1 allele and either hemizygous for one of the cre transgenes (fRIM1/cre+, 

experimental) or lacked a cre transgene (fRIM1/cre-, littermate control). Mice that 

displayed cre-mediated recombination in the tail DNA were excluded from the study. 

Immunohistochemistry 

Following transcardial perfusion of fRIM1/POMC-cre+/ROSA-YFP or fRIM1/KA-

cre+/ROSA-YFP triple transgenic mice with first PBS and then 4% paraformaldehyde 

(Sigma; St. Louis, MO) in PBS, pH 7.4, whole brains were post-fixed in 4% 

paraformaldehyde in PBS, pH 7.4 at 4°C overnight. Brains were then transferred to 30% 

sucrose (Sigma) and allowed to equilibrate until they sank. 30µm sections were cut (HM 

430 Sliding microtome, Microm; Waldorf, Germany) and stored at 4°C in PBS containing 

0.1% sodium azide (Sigma) until use. Tissue sections were mounted onto positively 

charged glass slides (Fisher; Waltham, MA) and allowed to air dry. A 0.1M citric acid 

(Sigma) antigen unmasking treatment was performed prior to blocking slices with 3% 

normal donkey serum (NDS) (Jackson ImmunoResearch; West Grove, PA) in PBS 

containing 0.3% triton X-100 (Sigma). Overnight primary antibody incubation in 3% NDS, 

0.3% Tween-20 (Sigma) in PBS at room temperature (Chicken anti-GFP 1:2000, 

Invitrogen, Carlsbad, CA; Mouse anti-NeuN 1:250, Mouse anti-Parvalbumin 1:400, and 
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Rabbit anti-Neurogranin 1:200, Millipore, Billerica, MA,) was followed by a 2 h 

secondary antibody treatment (Biotin-conjugated donkey anti-chicken, CY3-conjugated 

donkey anti-mouse or CY3-conjugated donkey anti-rabbit; Jackson ImmunoResearch). 

Amplification was performed using the Avidin Biotin Complex Kit (Vector Laboratories; 

Burlingame, CA) and a Tyramide Signal Amplification Kit (PerkenElmer; Waltham, MA). 

Images were taken on an Olympus BX51 epifluorescent microscope (Tokyo, Japan). 

Radioactive In Situ Hybridization 

Preparation of mouse tissues and embryos 

Transgenic mice were transcardially perfused first with 10 ml of 

diethylpryocarbonate-PBS (DEPC-PBS) at 2 ml/min then with 10 ml of 4% 

paraformaldehyde in DEPC-PBS, pH 7.4 at 2 ml/min. Brains were dissected and post-

fixed in 4% paraformaldehyde in DEPC-PBS, pH 7.4 for 16 h with rocking at 4°C before 

transfer to DEPC-saline. Tissues were then dehydrated, paraffin embedded, sectioned at 

4 µm onto microscope slides treated with Vectabond (Vector Laboratories, Burlingame, 

CA). Slides were stored desiccated at 4°C. 

Vector cloning and riboprobe synthesis 

Riboprobe synthesis was performed with some variation to protocols published 

by the University of Texas Southwestern Medical Center (UTSW) Pathology Core 

(Shelton et al., 2000). Oligonucleotide sequences were used as primers to both amplify a 

210 bp sequence of exon 6 from mouse RIM1 cDNA and create an EcoRI site at the 5’ 

end and a Hind III site at the 3’ end of the CPR product. (sense primer – 5’ GCC GAA TTC 
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AAG GCT CCA GTT CTT TCA GAG C 3’, anti-sense primer – 5’ GCC AAG CTT GTC TTC AGC 

CAC CCT GCC ATC C 3’) The amplified PCR product (containing bases 5-214 of exon 6) 

was then subcloned into pBluescript II KS (Stratagene, La Jolla, CA) at the EcoRI and Hind 

III sites. A positive clone was identified, verified by sequencing, and then linearized with 

either EcoRI or Hind III to synthesize 35S-labeled sense and antisense riboprobes 

respectively by in vitro transcription with the Ambion Maxiscript kit (Ambion, Austin, TX) 

according to the kit instructions. Briefly, in 20 µl reactions, 200 ng of template DNA was 

transcribed with T7 (antisense) or T3 (sense) polymerase in the presence of 280 µCi of 

[α-35S]-UTP (800 Ci/mmol) (Amersham, Piscataway, NJ) for 30 min at 37°C. After DN’ase 

digestion and termination of all enzymatic activity, the transcription products were 

suspended in final volumes of 75 µl (DEPC-H2O) and purified over G-50 spin columns (5’–

3’, Boulder, CO). Pre- and post-column samples were assessed for quality by scintillation 

counting and denaturing polyacrylamide gel electrophoresis, and the remainder of the 

transcription products were stored at -80°C. 

Prepared tissue and 35S-labeled riboprobes were given to the UTSW pathology 

core for in situ hybridization, emulsion exposure and photomicroscopy. Their previously 

reported protocols were used and are described below (Shelton et al., 2000). 

Riboprobe hybridization 

For pre-hybridization, slides were heated to 58°C for 30 min. Utilizing RN’ase-

free glass staining dishes and metal racks (Shandon, Pittsburgh, PA), slides were 

deparaffinized in xylene and hydrated through a series of graded ethanol/DEPC-saline 
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rinses (95%, 85%, 60%, 30%) to DEPC-saline. To accomplish microwave RNA retrieval, 

the slides were transferred to upright plastic racks and immersed in plastic containers 

(Miles Tissue-Tek, Elkhart, IN) filled with DEPC-1X Antigen Retrieval Citra pH 6.0 

(Biogenex, San Ramon, CA). Empty slots were filled with blank slides, and the plastic 

slide dish was covered loosely. The slides were heated in a 750 watt microwave at 90% 

power for 5 min. Any evaporated solution was replaced with DEPC-H2O, and the 

container was heated at 60% power for an additional 5 min. The slides were cooled for 

20 min, then returned to their metal racks and washed twice in DEPC-PBS, pH 7.4, for 5 

min each. Subsequently, the slides were fixed for 20 min in 4% paraformaldehyde/DEPC-

PBS, pH 7.4, and washed twice in DEPC-PBS, pH 7.4, for 5 min each. To further unmask 

RNA, the slides were permeabilized for 7.5 min with 20 µg/ml pronase-E in 50 mM Tris-

HCl, pH 8.0/5 mM EDTA, pH 8.0/ DEPC-H2O. Excess pronase-E was removed by a 5-min 

DEPC-PBS, pH 7.4 wash before re-fixing in 4% paraformaldehyde/ DEPCPBS, pH 7.4, for 5 

min. Slides were washed in DEPC-PBS, pH 7.4, for 3 min. The slides were then acetylated 

in 0.25% acetic anhydride/ 0.1 M triethanolamine–HCl, pH 7.5, twice for 5-min. Next, 

the slides were equilibrated in 1 X SSC, pH 7.0, for 5 min followed by incubation in 50 

mM n-ethylmaleimide/1 X SSC, pH 7.0, for 20 min. Five-min washes in DEPC-PBS, pH 7.4, 

and DEPC-saline followed and then the slides were dehydrated through graded 

ethanol/DEPC-saline rinses (30%, 60%, 85%, 95%) to absolute ethanol, and dried under 

vacuum for 2 h. 
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Riboprobes and hybridization mixture containing 50% formamide, 0.3 M NaCl, 

20 mM Tris-HCl, pH 8.0, 5 mM EDTA, pH 8.0, 10 mM NaPO4, pH 8.0, 10% dextran sulfate, 

1 X Denhardt’s, and 0.5 mg/ml tRNA were thawed from -80°C storage. Probes were 

diluted in aliquots of hybridization mixture sufficient to achieve 7.5 X 103 cpm/µl and the 

mixture heated to 95°C for 5 min. Diluted probes were then cooled to 37°C and 1 M DTT 

was added to achieve a final concentration of 10 mM DTT. Riboprobe was applied 

directly over the section, and slides were placed in a Nalgene utility box lined with 5 X 

SSC/50% formamide-saturated gel blot paper. Each slide was coverslipped with 

parafilm. The box was sealed and slides were hybridized for 14 h at 55°C. 

After hybridization, parafilm coverslips were removed and the slides were 

placed in upright plastic racks and immersed in a 5 X SSC/10 mM DTT wash at 55°C for 

40 min. Subsequently, the slides were washed for 30 min at 65°C in HS (2 X SSC/50% 

formamide/100 mM DTT), followed by three 10-min washes in NTE (0.5 M NaCl/10 mM 

Tris-HCl, pH 8.0/5 mM EDTA, pH 8.0) at 37°C. Slides were transferred to a fourth NTE 

wash containing RN’ase-A (2 µg/ml) and incubated 30 min at 37°C. Excess RN’ase-A was 

removed in a fifth NTE wash for 15 min at 37°C, before the slides were returned to HS 

for another 30 min at 65°C. After this second HS, the slides were washed for 15 min at 

37°C each in 2 X SSC and 0.1 X SSC. Finally, the slides were dehydrated in graded ethanol 

rinses (30%, 60%, 85%, and 95%) to absolute ethanol, and dried under vacuum. 

Emulsion exposure and Photomicroscopy 
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Dried slides were dipped in dilute Ilford K.5 nuclear emulsion (Polysciences, 

Warrington, PA) pre-warmed to 42°C. Slides were hung vertically and slowly dried at 

room temperature at 75% humidity for 3 h. The slides were placed into 25-count 

microscope slide storage boxes with desiccant. The boxes were sealed with tape, 

wrapped with foil, and placed at 4°C. After 28 days autoradiographic exposure, the 

slides were developed in D19 (Eastman Kodak, Rochester, NY) at 14°C and the latent 

image was fixed with Kodak Fixer. The slides were thoroughly rinsed, counterstained 

with hematoxylin (Richard-Allen, Kalamazoo, MI), dehydrated, and coverslipped with 

permanent mounting media. 

Visualization of MTP expression was achieved with a Leitz Laborlux-S 

microscope stand equipped with Plan-EF optics, a standard bright-field condenser, and a 

Mears low-magnification darkfield condenser. Photomicrographic record was made with 

an Optronics VI-470 CCD camera and a Power Macintosh G3 equipped with a Scion CG-7 

frame grabber and Scion Image 1.62 software. 

Quantitative Reverse Transcriptase Polymerase Chain reaction 

Rapid tissue harvesting for quantitative reverse transcriptase polymerase chain 

reaction (qRT-PCR) was performed in chilled dissection solution (26 mM NaHCO3, 212.7 

mM Sucrose, 2.6 mM KCL, 1.23 mM NaH2PO4, 10 mM Dextrose, 3 mM MgCl2•6(H2O), 1 

mM CaCl2•2(H2O))  and stored at -80°C until mRNA was extracted with Trizol 

(Invitrogen). Reverse transcription of the mRNA library was performed using Superscript 

III 1st strand synthesis kit (Invitrogen). SYBR GreenER qPCR SuperMix Universal Kit 
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(Invitrogen) was used for qRT-PCR according to manufacturer’s instructions. Each tissue 

sample was tested in triplicate and their Ct values were averaged together. 

Oligonucleotide primers were designed to create a 105 bp product spanning portions of 

exons 5 and 6 of the RIM1 mRNA transcript (forward primer – 

AAGCAGGCATCAAGGTCAAG, reverse primer – ACGTTTGCGCTCACTCTTCT). The neuron 

specific microtubule associated protein 2 (MAP2) was used as a reference gene 

(Sundberg et al., 2006, Mukaetova-Ladinska et al., 2002) (forward primer – 

ACTTGACAATGCTCACCACGTA, reverse primer – CCTTTGCATGCTCTCTGAAGTT). The 

relative change of RIM1 transcript between experimental and control tissue was 

normalized to MAP2 transcript levels using standard calculation methods (Pfaffl, 2001). 

To test if the normalized relative change in RIM1 transcript levels were significantly 

different from unity (no change) a one sample t-test was employed. 

Behavioral Overview 

Mice were housed 2 per cage (always littermate pairs but not always WT and 

cKO pairs) and maintained on a light/dark cycle with light on from 6 A – 6 P in a 22 ± 2°C 

(30%-70% humidity) housing room. All behavioral tests were performed in the 

afternoon. For both fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice, fRIM1/cre- sex-

matched littermates were used as WT controls to ensure a constant genetic 

background. Food (normal chow) and water were available ad libitum for the duration 

of the behavioral battery. Sex-matched littermate pairs ranged from 3-8 months of age 

at the onset of behavioral testing and all behaviors were completed within 8 weeks. 2 
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cohorts of fRIM1/POMC-cre (N=12 and N=8 littermate pairs, total N=20 littermate pairs; 

littermate pairs age range at onset of behavior: 3 mo, 3 pairs; 4 mo, 3 pairs; 6 mo, 10 

pairs; 7 mo, 1 pair; 8 mo, 3 pairs) and 2 cohorts of fRIM1/KA-cre (N=10 and N=10 

littermate pairs, total N=20 littermate pairs; littermate pairs age range at onset of 

behavior: 3 mo, 5 pairs; 4 mo, 4 pairs; 5 mo, 4 pairs; 6 mo, 3 pairs; 7 mo, 4 pairs) were 

tested separately and pooled for analysis (except for rotarod, startle threshold, PPI and 

locomotor response to psychotomimetics in which only one of the cohorts was tested). 

In total, 13 male and 7 female fRIM1/KA-cre littermate pairs and 9 male and 11 female 

fRIM1/POMC-cre littermate pairs were tested. Behaviors were done in the following 

order: elevated plus maze, dark/light, open field, locomotor, social interaction in the 

open field, accelerating rotarod, startle threshold, prepulse inhibition, fear conditioning, 

Morris water maze and locomotor response to MK-801. Mice were allowed 1 h to 

habituate to the testing room prior to beginning experiments. All tests were done in 

accordance with Institutional Animal Care and Use Committee and UT Southwestern 

Medical Center animal guidelines and protocols. 

Elevated Plus Maze – Performed essentially as described previously (Powell et al., 

2004). Mice were placed in the center of a black plexiglass elevated plus maze (each arm 

33 cm in length and 5 cm wide, with 25 cm high walls on closed arms) in a dimly lit room 

for 5 min. 2 mazes were used and video-tracked simultaneously (Ethovision 2.3.19, 

Noldus; Wageningen, The Netherlands). A barrier was set between the mazes to prevent 

mice from seeing each other. Time spent in open and closed arms, number of open and 
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closed entries, and time in the middle was calculated. 5 fRIM1/POMC-cre and 1 

fRIM1/KA-cre mice were excluded from analysis because either the experimental or 

control mouse fell from the platform during testing. 

Dark/Light – Performed essentially as described previously (Powell et al., 2004). 

Apparatus is a 2 compartment opaque plexiglass box (25 cm x 26 cm in each 

compartment). One side is black and kept closed and dark, while the other is white with 

a fluorescent light directly above its open top (1700 lx). Mice were placed in the dark 

side for 2 min, then the divider between the two sides was removed allowing the mouse 

to freely explore both chambers for 10 min. Anxiety like behavior is measured as latency 

to enter the light side, as well as time spent in the light vs. dark compartments. 

Measures were taken using photobeams and MedPC software (Med Associates; St. 

Albans, VT). 

Open Field – Performed essentially as described previously (Powell et al., 2004). The 

open field test was performed for 10 min in a brightly lit, 48 x 48 x 48 cm white plastic 

arena using the Ethovision video-tracking software (Noldus). Time spent in the center 

zone (15 x 15 cm) and frequency to enter the center was recorded. Locomotor activity 

was also measured during the open field test. 

Locomotor – Mice were placed in a fresh home cage with minimal bedding for a 2 hour 

testing period. Lengthwise horizontal locomotor activity was tested in 5 minute bins for 

the duration of the task using photobeams linked to computer data acquisition software 

(San Diego Instruments, San Diego, CA). Beams were organized linearly along one 
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horizontal axis in 5 cm increments and total beam breaks was used as the dependent 

variable. 

Social Interaction in the open field – Performed essentially as described previously 

(Blundell et al., 2010a). The test was performed in a 48 cm × 48 cm white plastic arena 

under red light using a 6.0 cm × 9.5 cm perforated plexiglass rectangular cage containing 

an unfamiliar adult mouse, allowing olfactory, visual, and minimal tactile interaction. 

Mice were first placed in the arena for 5 min with the empty clear plexiglass cage. Then 

mice were allowed to interact with a novel caged social target for another 5 min. Time 

spent in the interaction zone was obtained using Ethovision video-tracking software 

(Noldus). 

Accelerating Rotarod – Performed essentially as described previously (Powell et al., 

2004). A 5-lane accelerating rotarod designed for mice (IITC Life Science; Woodland 

Hills, CA) was used (rod diameter was 3.2 cm; rod length was 10.5 cm). The rotarod was 

activated after placing mice on the motionless rod. The rod accelerated from 0 to 45 

revolutions per min in 60 s. Time to fall off the rod was measured. 

Startle Threshold and Pre-Pulse Inhibition – Both of these tasks were performed as 

described previously (Etherton et al., 2009). The pre-pulse inhibition (PPI) test began 

with six presentations of a 120 dB pulse to calculate the initial startle response. 

Afterward, the 120 dB pulse alone, prepulse/pulse pairings of 4, 8, or 16 dB above 70 dB 

background followed by the 120 dB pulse with a 100 ms delay, or no stimulus were 

presented in pseudorandom order. For the startle threshold test, mice were presented 
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with 6 trial types of varying intensity (No Stimulus or 80, 90, 100, 110, or 120 dB pulses – 

eight presentations of each). Mean startle amplitudes for each condition were averaged. 

Fear Conditioning – Performed essentially as described previously (Powell et al., 2004). 

Mice were placed in clear plexiglass shock boxes (Med Associates) for 2 min, and then 

two, 90 dB acoustic conditioned stimuli (CS; white noise, each 30 seconds in duration 

and separated by a 30 second delay) were played. Each CS co-terminated in a 2 s, 0.5 

mA foot shock unconditioned stimulus (US).  Mice remained in the chamber for 2 min 

after the second pairing before returning to their home cages. Freezing behavior 

(motionless except respirations) was monitored at 5 s intervals by an observer blind to 

the genotype. To test contextual learning 24 hr later, mice were returned to the same 

training context and scored for freezing in the same manner. To assess cue-dependent 

fear conditioning, mice were placed in a novel environment with an unfamiliar vanilla 

odor in the afternoon following the contextual test. Freezing was measured first during 

a 3 min baseline period then during 3 minutes with the CS playing. 

Morris water maze – The MWM and visible platform tests were performed as described 

previously (Powell et al., 2004) except the probe trial was performed only on day 9. 

Briefly, a 1.22-meter-diameter, white, plastic, circular pool was filled with opaque water 

(22°C ± 1°C) in a room with prominent extra-maze cues. Mice were trained with 4 

trials/day with an inter-trial interval of 1–1.5 min for 8 consecutive days. Mice were 

placed in one of four starting locations and allowed to swim until they found the 

submerged platform or until a maximum of 60 s had elapsed. Latency to reach the 
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platform, distance traveled to reach the platform, swim speed, and percent thigmotaxis 

(time spent near the wall of the pool) were measured using the Ethovision video-

tracking software (Noldus). A probe trial (free swim with the submerged platform 

removed) was performed on day 9. The % time spent in the target quadrant and the # of 

platform location crossings were measured. The visible water maze task was conducted 

similarly to the traditional Morris water maze with a few changes. A visible cue (black 

foam cube) was placed on top of the platform. The starting location was held constant 

while the platform location was moved for each trial. Mice were given 6 trials/day for 2 

consecutive days, and the latency to reach the visible platform was measured. 

Locomotor response to psychotomimetics – The apparatus and methods described for 

the locomotor test were also used to measure locomotion in this task. The test was 

performed as described in Blundell, et al. 2010 (Blundell et al., 2010b). Briefly, at the 

beginning of each hour of a 3 hr locomotor session, mice were given a ~0.2 ± 0.1 cc 

intra-peritoneal injection of saline (time 0), 0.1 mg/kg MK-801 (1 h), 0.2 mg/kg MK-801 

(2 h). Because fRIM1/KA-cre+ showed increased locomotion to novel environments, 

they underwent 3 days of this protocol (receiving only saline injections) to habituate 

prior to the actual testing on day 4.  

Statistics 

I used genotype and sex as independent variables for all behavioral tests and 

performed 2-way ANOVAs for statistical analysis. Where applicable, time (locomotion 

tasks), trial (rotarod and visual MWM tasks), day (MWM training) or intensity (PPI and 
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startle threshold) were included as independent variables and a 3-way ANOVA with 

repeated measures was performed. In the MWM probe trial, genotype, sex and location 

were included as independent variables and a 3-way ANOVA was performed. A 

student’s t-test was used for the planned comparisons analysis in the locomotor tasks 

and the MWM probe trial. I used Statistica (StatSoft, Inc., Tulsa, OK) for statistical 

analysis and significance was always taken as p < 0.05.  
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Chapter 1, Section 2 

Experimental Findings 
 

fRIM1/POMC-cre+ results in Rim1 deletion in dentate gyrus, arcuate nucleus and 

select neurons of the cerebellum 

I first crossed fRIM1 mice to a transgenic cre line driven by the POMC 

(preproopiomelanocortin) promoter (POMC-cre). This particular POMC-cre line was 

previously reported to induce recombination selectively in DG granule neurons as well 

as the arcuate nucleus of the hypothalamus (Balthasar et al., 2004, McHugh et al., 

2007). Recombination was reported to begin at 2-3 weeks of age and to remain spatially 

restricted into adulthood. Assessing the location of RIM1 knockout is particularly 

challenging due to the absence of antibodies that function selectively in 

immunohistochemistry (IHC) and the high degree of homology between Rim1 and Rim2. 

Thus, I first crossed in the previously described yellow fluorescent protein (YFP) 

expressing conditional Rosa reporter transgenic line (R26R-YFP) (Soriano, 1999, Lagace 

et al., 2007) to obtain fRIM1/POMC-cre+/R26R-YFP mice to label cre recombinase 

activity in the presence of fRIM1. 

 IHC staining for YFP in the fRIM1/POMC-cre+/R26R-YFP mice revealed successful 

cre-mediated recombination largely limited to the DG granule neurons, select neurons 

in the granule and molecular layers of the cerebellum, and arcuate nucleus (Figure 1.1a-

c). Co-staining for a neuronal marker, neuronal nuclei protein (NeuN), revealed that cre-

mediated recombination in DG neurons was robust, but 
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somewhat mosaic.  Interneurons in the stratum radiatum, stratum lacunosum-

moleculare, and stratum lucidum of the hippocampus and in the hilus region did not 

undergo cre-mediated recombination, nor did pyramidal neurons in area CA3 or CA1 

(Figure 1.1d-f). The YFP staining pattern in cerebellum suggested cre-mediated 

recombination restricted to neurons of the granular and molecular layers without 

involvement of Purkinje Cells (Figure 1.2a-c).  In the molecular layer, consisting largely of 

interneurons, this was confirmed by co-staining for parvalbumin-containing 

interneurons demonstrating that almost all of YFP-positive neurons in this layer were 

also positive for the inhibitory interneuron marker parvalbumin, though cre-mediated 

recombination did not occur in all parvalbumin positive neurons (Figure 1.2d-f).  The 

cerebellar granular layer largely consists of granule neurons making mosaic staining for 

YFP in this region most likely to be in granule cells.  To rule out Golgi cells, another 

common neuron type in the granule cell layer (GL), as responsible for the YFP expression 

in the GL, I co-stained for the Golgi cell marker neurogranin (Singec et al., 2003).  

Essentially none of the YFP positive cells co-stained for neurogranin (data not shown), 

making it most likely that the YFP-positive neurons in this region represent mosaic cre 

recombination in granule cells of the cerebellum. 

To address whether levels of RIM1 transcript were decreased in YFP+ brain 

regions, I performed quantitative reverse transcription polymerase chain reaction (qRT-

PCR) using primers that bind RIM1 transcripts on either side of the exon 5 – exon 6 

junction. I analyzed RIM1 transcript levels in fRIM1/POMC-cre+ and fRIM1/POMC-cre- 
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control tissue from cortex, cerebellum and 3 hippocampal regions: DG, CA3, and CA1 

(Figure 1.3). Consistent with cre-mediated recombination data, I found RIM1 transcripts 

to be decreased by 43.89 % in the DG (SEM = ±7.48 %, p < 0.05) and 24.39 % in the 

cerebellum (SEM = ±8.97 %, p < 0.05) in fRIM1/POMC-cre+ mice compared to controls. 

fRIM1/KA-cre+ results in Rim1 deletion in CA3 pyramidal neurons as well as 

mosaic deletion in dentate gyrus and other brain regions. 

I next crossed fRIM1 mice to a transgenic cre line driven by the KA-1 (a kainate 

receptor subunit) promoter (KA-cre). This KA-cre line was previously shown to 

selectively induce recombination in CA3 pyramidal neurons, 10 % of DG granule neurons 

and cerebellar granule neurons, as well as 50% of facial nerve nuclei of the hindbrain 

(Nakazawa et al., 2002). In area CA3, recombination was first observed at 2 weeks of age 

with 100% of CA3 pyramidal neurons recombined by 8 weeks. Again, I crossed in the 

previously described conditional R26R-YFP mouse (Soriano, 1999, Lagace et al., 2007) to 

generate fRIM1/KA-cre+/R26R-YFP mice which would label cre recombinase activity in 

the presence of fRIM1. 

 IHC staining for YFP in the fRIM1/KA-cre+/R26R-YFP mice revealed robust cre-

mediated recombination in area CA3 of the hippocampus, and mosaic recombination in 

DG, cortex, thalamus, and cerebellum (Figure 1.1g-i). I did not observe robust staining in 

the facial nerve nuclei (data not shown). Co-staining for the neuronal marker NeuN 

revealed that cre-mediated recombination in virtually all CA3 pyramidal neurons, hilus 

region neurons, and in a small fraction of DG granule neurons (Figure 1.1j-l). 

Interneurons in the stratum radiatum and stratum lacunosum-moleculare of the 
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hippocampus and area CA1 pyramidal neurons did not undergo cre-mediated 

recombination (Figure 1.1j-l). I also observed YFP staining in cerebellar purkinje cells and 

mosaically in neurons of the cerebellar granule layer (Figure 1.2g-i). 

Using qRT-PCR, I measured RIM1 transcript levels in the fRIM1/KA-cre+ mice in 

the same 5 brain regions analyzed in the fRIM1/POMC-cre+ mice (Figure 1.3). RIM1 

transcript levels were decreased by 58.86 % in the DG (SEM = ±12.83 %, p < 0.05) and 

67.02 % in area CA3 (SEM = ±7.96 %, p < 0.05) of fRIM1/KA-cre+ mice compared to 

controls. 

In Situ hybridization of RIM1 transcripts 

 In addition to immunohistochemistry and qRT-PCR I also attempted to validate 

knockdown of RIM1 transcripts in both of the conditional RIM1 knockout lines using 

emulsion in situ hybridization. Specifically, an 35S labeled antisense riboprobe (110 bp) 

complimentary to exon 6 of the RIM1 transcript, was hybridized with paraffin 

embedded brain tissue from WT, global RIM1-/-,  fRIM1/cre-, fRIM1/POMC-cre+ and 

fRIM1/KA-cre+ mice. The analogous sense riboprobe was used as a negative control on a 

WT mouse (Figure 1.4). The antisense probe on WT tissue revealed RIM1 expression to 

be almost ubiquitous in the mouse brain, while the absence of signal on the KO tissue 

suggests that the antisense probe is highly specific for RIM1 transcript (Figure 1.4a-b). 

The absence of signal using the sense probe on WT tissue suggests a low level of 

background signal with high specificity for RIM1 transcript (Figure 1.4d). The fRIM1/cre- 

tissue has similar RIM1 expression to the WT mouse, suggesting that the floxed gene has 
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no effect on RIM1 expression (Figure 1.4c). Finally, in both the fRIM1/POMC-cre+ and 

fRIM1/KA-cre+ tissue I observed some unexpected patterns of RIM1 signal (Figure 1.4e 

and 1.4f respectively). In the fRIM1/POMC-cre+ mouse there is an increase in signal in 

the dentate gyrus, molecular layer of the cerebellum and other scattered neurons. In 

the fRIM1/KA-cre+ mouse I observed an increase in signal in area CA3 of the 

hippocampus, dentate gyrus, and thalamus. These results are in contrast to the 

decrease in RIM1 transcript I expected to see in those areas. However, the brain regions 

showing the increased signal in the in situ hybridization experiment correspond well 

with the brain regions showing cre-mediated recombination in the fRIM1/cre+/ROSA-

YFP reporter mice. Furthermore, this result was replicated when I performed qRT-PCR 

experiments using primers that bind RIM1 transcript specifically in exon 6 (data not 

shown). Though I was unable to identify the exact transcript that seems to be 

upregulated in the fRIM1/cre+ mice, the data suggest that full length RIM1 transcripts 

are decreased as no known splice variants of RIM1 exist that do not contain exon 5 

(Wang et al., 2000). One possibility is that after cre-mediated recombination exon 6 is 

still able to be transcribed under a new promoter, separate from the first part of the 

RIM1 gene. Attempts at understanding this phenomenon were unsuccessful.    

POMC-cre-mediated loss of RIM1 in dentate gyrus, selected cerebellar neurons and 

arcuate nucleus leads to increased locomotor responses to MK-801  

Previous work demonstrated that RIM1α-/- mice had severe abnormalities 

including schizophrenia-related deficits (Blundell et al., 2010b), learning and memory 

deficits (Powell et al., 2004), decreased maternal behavior (Schoch et al., 2002) and 
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social interaction abnormalities (Powell et al., 2004). To test whether RIM1 loss from the 

DG, select neurons of the cerebellum, and arcuate nucleus in the fRIM1/POMC-cre+ 

mice was sufficient to induce any of the behavioral abnormalities observed in the 

RIM1α-/- mice, I put the fRIM1/POMC-cre+ mice with sex-matched littermate controls 

through many of the same behavioral tasks. 

When I tested the locomotor enhancing effects of MK-801, I found that the 

fRIM1/POMC-cre+ mice mimicked the global RIM1α-/-. Specifically, there is no change in 

locomotion when injected with saline (Figure 1.5a; 3-way mixed ANOVA with repeated 

measures; main effect of genotype, F(1,12) = 1.09, p = 0.32; main effect of time, F(11, 132) = 

15.76, p < 0.0001; main effect of sex, F(1,12) = 0.004, p = 0.95; genotype x time 

interaction, F(11, 132) = 0.60, p = 0.83; genotype x sex interaction, F(1,12) = 0.38, p = 0.55; 

time x sex interaction, F(11, 132) = 0.60, p = 0.83; genotype x time x sex interaction: F(11,132) 

= 0.74, p = 0.69) and no change in locomotion at the low 0.1 mg/kg MK-801 dose (Figure 

1.5a; main effect of genotype, F(1,12) = 1.93, p = 0.19; main effect of time, F(11, 132) = 5.11, P 

< 0.0001; main effect of sex, F(1,12) = 1.03, p = 0.33; genotype x time interaction, F(11, 154) = 

0.84, p = 0.60; genotype x sex interaction, F(1,12) = 5.05, p < 0.05; time x sex interaction, 

F(11, 132) = 0.80, p = 0.64; Sex x Genotype x Bin Interaction, F(11,132) = 0.68, p = 0.75). 

However, there is a significant interaction between genotype and time during the hour 

following the higher 0.2 mg/kg MK-801 dose demonstrating that the response to this 

higher dose of MK-801 is different between the two genotypes (Figure 1.5a; main effect 

of genotype, F(1,12) = 4 .39, p = 0.06 ; main effect of time, F(11, 132) = 22.02, p < 0.0001; 
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main effect of sex, F(1,12) = 0.13, p = 0.73 ; genotype x time interaction, F(11, 132) = 2.07, p < 

0.05; genotype x sex interaction, F(1, 12) = 0.002, p = 0.99; time x sex interaction, F(11, 132) = 

0.20, p = 0.997; genotype x time x sex interaction, F(11, 132) = 0.38, p = 0.96). Planned 

comparison analysis identified that mutant mice were significantly different from 

littermate controls following the 0.2 mg/kg MK-801 injection. These planned 

comparisons indicated that fRIM1/POMC-cre+ mice are significantly more active 

beginning 20 minutes after injection (p < 0.05) and begin returning toward control levels 

of locomotion 50 minutes following the injection. 

When I tested the fRIM1/POMC-cre+ mice for other abnormalities found in  

the RIM1α-/- mice including locomotion to novelty (Figure 1.6a), PPI (Figure 1.7b), 

MWM (Figure 1.8a-c), fear conditioning (Figure 1.9a), and social interaction (Figure 1.9b) 

I observed no differences compared to littermate controls. I also tested these mice for 

changes in startle response (Figure 1.7a and c), and anxiety-related behaviors (dark/light 

box, elevated plus maze, open field; Figure 1.10a, c, e respectively), and accelerating 

rotarod (data not shown), but found no change in any of these behaviors. 

KA-cre-mediated loss of RIM1 in CA3 of hippocampus and mosaic loss in dentate 

gyrus and other brain regions leads to hyperactivity to novelty 

I tested the fRIM1/KA-cre+ mice with sex-matched littermate controls in the 

same behavioral tasks as the fRIM1/POMC-cre+ mice. fRIM1/KA-cre+ mice mimicked 

RIM1α-/- mice only in their hyperactivity during a 2 hour test of locomotion (Figure 

1.6b; 3-way mixed ANOVA; main effect of genotype, F(1, 36) = 7.79, p < 0.01; main effect 

of time, F(23, 828) = 61.68, p < 0.001; main effect of sex, F(1, 36) = 0.48, p = 0.49; genotype x 
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time interaction, F(23, 828) = 1.17, p = 0.27; genotype x sex interaction, F(1, 36) = 0.47, p = 

0.50; time x sex interaction, F(23, 828) = 0.63, p = 0.91; genotype x time x sex, F(23, 828) = 

0.38, p = 0.997). When I evaluated the first 10 min of locomotor activity in the same 

environment over 4 days, their locomotor activity diminished until it was equal to 

littermate controls (Figure 1.6c; 3-way mixed ANOVA; main effect of genotype, F(1,16) = 

0.52, p = 0.48; main effect of day, F(3, 48) = 13.44, p < 0.0001; main effect of sex, F(1,16) = 

0.05, p = 0.83; genotype x day interaction, F(3, 48) = 3.12, P < 0.05; genotype x sex 

interaction, F(1,16) = 0.30, p = 0.59; day x sex interaction, F(3, 48) = 1.67, p = 0.19; genotype 

x day x sex interaction, F(3,48) = 1.34, p = 0.27; student’s t-test was used for a planned 

comparison on Day 1, p < 0.05). Similar to RIM1α-/- mice, in order to test the locomotor 

response to MK-801 in the fRIM1/KA-cre+ mice, I had to habituate the fRIM1/KA-cre+ 

mice to the MK-801-induced locomotor task protocol for 3 days using only saline 

injections (Figure 1.5b). On the fourth day, I followed the same MK-801-induced 

locomotor activity protocol performed on the fRIM1/POMC-cre+ mice. In this case, 

however, I saw no difference between fRIM1/KA-cre+ mice and littermate controls 

(Figure 1.5c), providing a double dissociation between locomotor response to novelty (in 

fRIM1/KA-cre+ but not fRIM1/POMC-cre+ mice) and locomotor response to the 

psychotomimetic MK-801 (in fRIM1/POMC-cre+ but not fRIM1/KA-cre+ mice). 

I also tested the fRIM1/KA-cre+ mice in startle threshold and PPI (Figure 1.7d-f), 

MWM (Figure 1.8d-f), fear conditioning (Figure 1.9c), social interaction in the open field 
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(Figure 1.9d), anxiety tests (Figure 1.10d, d and f) and accelerating rotarod (data not 

shown). In all of these tests, the fRIM1/KA-cre+ mice were not different from controls.  



32 
 

 
 

  

FIGURE 1.1 Immunofluorescent signal reveals regional specificity of the fRIM1/POMC-
cre+/R26R-YFP and fRIM1/KA-cre+/R26R-YFP reporter mice. (Green – Anti-YFP, Red – Anti-
NeuN) YFP expression in fRIM1/POMC-cre+/R26R-YFP brain tissue from hippocampus (a), 
cerebellum (b), and hypothalamus (c). YFP and NeuN expression in a fRIM1/POMC-cre+/R26R-
YFP hippocampus (d-f). FP expression in fRIM1/KA-cre+/R26R-YFP brain tissue from 
hippocampus (g), cerebellum (h) and forebrain (i). YFP and NeuN expression in a 
fRIM1/KA/R26R-YFP hippocampus (j-k). f and l are merges of d-e and j-k respectively. (a, h and i, 
scale bar = 1 mm. b, d-f, h and j-k, scale bar = 500 µm. c, scale bar = 250 µm. ML, molecular 
layer; GL, granule layer; Th, thalamus; St, striatum) 
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FIGURE 1.2 Cell specific cre-mediated recombination in fRIM1/POMC-cre+/R26R-YFP and 

fRIM1/KA-cre+/R26R-YFP cerebellum. (Green - Anti-YFP, red - Anti-NeuN or Anti-Parvalbumin as 

labeled) a-c. High magnification of YFP and NeuN expression in the cerebellum of a 

fRIM1/POMC-cre+/R26R-YFP mouse. d-f. High magnification of YFP and Parvalbumin expression 

in the cerebellum of a fRIM1/POMC-cre+/R26R-YFP mouse.  g-i. High magnification of YFP and 

NeuN expression in the cerebellum of a fRIM1/KA-cre+/R26R-YFP mouse.  c, f and i are merges 

of a-b, d-e and g-h respectively. (All scale bars = 250 µm. GL-granule layer, PCL-Purkinje Cell 

Layer, ML-Molecular Layer.) 
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FIGURE 1.3 Regional specificity of fRIM1/POMC-cre+ and fRIM1/KA-cre+ conditional knockouts 
by qRT-PCR. Quantitative RT-PCR was used to measure levels of RIM1 transcript in the CA1, CA3 
and dentate gyrus regions of the hippocampus as well as cortex and cerebellum in the 
fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice compared to their littermate controls. RIM1 
transcript levels were internally normalized to MAP2 transcript levels and reported as a 

percentage of normalized RIM1 transcript levels observed in littermate controls (dashed line). (*, 

p < 0.05; **, p < 0.01,) 
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FIGURE 1.4 RIM1 emulsion in situ hybridization of conditional RIM1 knockouts using S35-
labeled riboprobes. Sagittal sections from WT (A), RIM1α-/- (B), and fRIM/cre- (C) tissue 
hybridized with the anti-sense probe targeting exon 6 of the RIM1 transcript. The sense probe 
was hybridized with WT tissue (D). fRIM1/POMC-cre+ (E) and fRIM1/KA-cre+ (F) tissue were 
hybridized with the antisense probe and display increased signal of transcripts containing exon 6 
in selected brain regions. 
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FIGURE 1.5 fRIM1/POMC-cre+ mice exhibit enhanced locomotor response to 
psychotomimetics. a. 3 hour locomotor test in which fRIM1/POMC-cre+ mice received an 
injection of saline, 0.1 mg/kg MK-801 or 0.2 mg/kg MK-801 at the beginning of each hour as 
marked by the vertical dotted lines b. Since fRIM1/KA-cre+ mice are hyperactive in novel 
environments, they were habituated to the 3 hour locomotor test over 3 days, receiving only 
saline injections at the start of each hour (Only the first hour is shown). c. On day 4 fRIM1/KA-
cre+ mice underwent the 3 hour locomotor test, receiving saline, 0.1 mg/kg MK-801 or 0.2 

mg/kg MK-801 at the start of each hour as marked by the vertical dotted line. (* = p < 0.05 
using student’s t-test) 
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FIGURE 1.6 fRIM1/KA-cre+ mice display enhanced locomotion to novel stimuli. a. 
fRIM1/POMC-cre+ mice underwent a 2 hour test of locomotion in a novel home cage in which 
lengthwise movement was monitored using photobeams. b. fRIM1/KA-cre+ mice underwent the 
same test. c. Locomotor habituation of the fRIM1/KA-cre+ mice: Over 4 days the first 10 minutes 

of locomotor activity was recorded (*, p < 0.05 using student’s t-test) 
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FIGURE 1.7 fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice display normal startle response and 
pre-pulse inhibition. a and d. The average startle response to a 120 dB tone of fRIM1/POMC-cre+ 
and fRIM1/KA-cre+ mice respectively prior to the start of the pre-pulse inhibition test. b and e. 
Pre-pulse inhibition test. The percent decrease of the startle response caused by a 4, 8 or 16 dB 
pre-pulse tone given 100 ms before the 120 dB stimulus tone. c and f. Startle threshold. Average 
startle response to increasing stimulus intensity delivered in a pseudo random order. 
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FIGURE 1.8 fRIM1/KA-cre+ and fRIM1/POMC-cre+ display normal spatial learning in the MWM. 

a. During 8 days of training in the Morris water maze, the distance traveled to find the hidden 

platform was measured in the fRIM1/POMC-cre+ mice. b and c. fRIM1/POMC-cre+ probe trial. 

On day 9 the platform was removed from the pool and the amount of time spent in each 

quadrant (b) and the number of platform location crossings (c) were recorded. d. 8 day training 

period in Morris water maze of the fRIM1/KA-cre+ mice. e and f. fRIM1/KA-cre+ probe trial. The 

platform was removed from the pool and the amount of time spent in each quadrant (e) and the 

number of platform location crossings (f) were recorded. g. Representative tracing of a training 

trial from day 8. h. Representative tracing of a probe trial. (Quadrants and Platform locations: 

T=Target (West), N=North, S=South, E=East; * = p < 0.05, * = p < 0.01, n.s.= not significant) 
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FIGURE 1.9 Contextual and Cued fear conditioning as well as social interaction in the open field 

are normal in both the fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice. a and c. Fear conditioning 

in fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice respectively. Baseline freezing was measured 

during the first two minutes in the novel context prior to tone/footshock delivery. Contextual 

fear conditioning was measured during a 5 minute exposure to the same context the following 

day. Cued fear conditioning was also measured the following day. Mice were exposed to a 

different context without the tone for 3 minutes (pre-tone), followed by 3 minutes with the tone 

playing (tone). b and d. Social interaction in the open field was measured as the amount of time 

spent in an interaction zone with either an empty cage (object) or a cage containing a target 

mouse (social). e. Representative tracing of a social interaction in the open field trial. (IZ, 

interaction zone; Co, Corners of the box opposite the interaction zone.) 
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FIGURE 1.10 Three measures of anxiety are normal in both the fRIM1/POMC-cre+ and 
fRIM1/KA-cre+ mice. a and b. Dark/Light. The amount of time spent in the dark versus light 
zones is reported. c and d. Elevated Plus Maze. The amount of time spent in the open versus 
closed arms is reported. e and f. Open Field. The amount of time spent in the center versus 
periphery of the open field box is reported. g. Representative tracing of an elevated plus maze 
trial. h. Representative tracing of an open field trial. (CA, closed arm; OA, open arm; P, periphery; 
Ce, Center) 
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Chapter 1, Section 3 

Conclusions and Future Directions 

 

It was have previously demonstrated that global deletion of RIM1α results in 

multiple behavioral abnormalities including learning deficits in fear conditioning (Powell 

et al., 2004) and Morris water maze (Powell et al., 2004), decreased pre-pulse inhibition 

(Blundell et al., 2010b), increased locomotor response to novelty (Powell et al., 2004), 

deficits in social interaction (Blundell et al., 2010b), increased sensitivity to the non-

competitive NMDA receptor antagonist MK-801 (Blundell et al., 2010b) and deficits in 

maternal behavior (Schoch et al., 2002). The present results serve to narrow the brain 

regions responsible for the increased sensitivity to the non-competitive NMDAR 

antagonist MK-801 and the increased locomotor response to novelty. Deficits in 

maternal behavior and pup rearing were not examined in the present study as they 

would require specific, complex breeding strategies outside the scope of the present 

studies. 

Characterization of fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice  

The fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice lack RIM1 in distinct, partially 

overlapping brain regions. fRIM1/POMC-cre+ mice exhibit selective cre-mediated 

recombination in DG granule neurons, arcuate nucleus of the hypothalamus, 

parvalbumin positive (PV+) GABAergic interneurons of the cerebellar molecular layer  
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(Yu et al., 1996) and scattered neurons of the cerebellar granule layer. This pattern of 

cre-mediated recombination in fRIM1/POMC-cre+ mice is supported by the qRT-PCR 

data demonstrating significantly decreased RIM1 mRNA expression levels in both 

dentate gyrus and cerebellum, but not in other areas of the hippocampus or the cortex.  

fRIM1/KA-cre+ mice show robust cre-mediated recombination in area CA3 of the 

hippocampus and mosaic recombination in hippocampal DG granule neurons, granule 

and purkinje layers of the cerebellum, thalamus and cortex. Again, the most robust cre-

mediated recombination in fRIM1/KA-cre+ mice in CA3 and dentate gyrus was 

confirmed by qRT-PCR, while the mosaic, cre-mediated recombination in other parts of 

the brain was not supported by the qRT-PCR data, suggesting that cre-mediated 

recombination measured by a reporter transgene does not always accurately reflect cre-

mediated recombination of a different conditional allele.  The RIM1 loss in the 

cerebellum of fRIM1/POMC-cre+ mice and the widespread mosaic expression of cre-

mediated recombination in brains from fRIM1/KA-cre+ mice differ from previous reports 

characterizing the POMC and KA cre driver lines (Balthasar et al., 2004, McHugh et al., 

2007, Nakazawa et al., 2002).  Changes in expression patterns of cre recombinase due to 

changes in genetic background, however, have been observed in other cre driver lines 

(Smith, 2011). These findings underscore the importance of determining the regions of 

cre-mediated recombination in each experimental setting. 

 Additionally and unexpectedly, I found that specifically exon 6 of the RIM1 gene 

seemed to be upregulated when examined by exon 6 targeted in situ hybridization and 
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qRT-PCR. Attempts at and sequencing the transcript after qRT-PCR demonstrated that it 

was in fact exon 6 of RIM1. I also attempted to amplify and sequence the exon 6 

containing transcript from cDNA libraries derived from the DG of fRIM1/POMC-cre+ by 

using a sense primer in conjunction with a poly-A primer. This was difficult as multiple 

fragments were generated, and though I did find an exon 6 containing PCR product, it 

was not complete and did not provide useful information. Though these attempts failed, 

it may be possible to repeat this experiment with more carefully collected cDNA libraries 

that contain more complete transcripts. Understanding exactly what this transcript is 

would confirm or exclude the likelihood that I have indeed successfully deleted RIM1 

transcripts from the targeted neurons. Furthermore, the synthesis of high 

concentrations of an exon 6 containing gene product, after cre-mediated recombination 

has presumably removed exon 6 from the genome may suggest a new mechanism of 

genetic manipulation, or at the very least help in the understanding of potential pitfalls 

when novel floxed mice are created in the future. 

Though the fRIM1/POMC-cre+ mice and fRIM1/KA-cre+ mice show some 

overlapping cre expression, the two mouse lines do not share any behavioral 

abnormalities. This provides evidence that at least some of the abnormal behaviors 

observed in the RIM1α-/- mice are due to a loss of RIM1 function from one or a few 

select classes of neurons. Identifying how alterations in presynaptic function in select 

neuronal subtypes alter select behaviors is important for understanding the cellular 

basis for these behaviors. 
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Limited neuronal populations sufficient to induce increased MK-801-induced 

hyperactivity 

Like the RIM1α-/- mice, the fRIM1/POMC-cre+ mice exhibit hypersensitivity to 

the locomotor enhancing effects of MK-801 (Blundell et al., 2010b). Little is known 

about the specific brain regions or cell types involved in the locomotor effects of MK-

801. Because the fRIM1/POMC-cre+ mice mimic the Rim1α-/- mice, however, the results 

suggest that RIM1 function in the DG, arcuate nucleus or select neurons of the 

cerebellum (including PV+ interneurons and granule cells) may modulate the effect of 

MK-801 on locomotor activity. Though some or all of these regions may in fact play a 

role in this behavioral phenotype, one interesting possibility is a role for PV+ GABAergic 

interneurons. Studies of PV+ neurons in the cortex suggest that MK-801 acts 

preferentially on NMDA receptors expressed on PV+ GABAergic cells leading to 

decreased inhibition (Xi et al., 2009, Kinney et al., 2006, Li et al., 2002, Beasley and 

Reynolds, 1997, Benes and Berretta, 2001, Hashimoto et al., 2003, Lewis et al., 2005, 

Cochran et al., 2002). Unfortunately, I was unable to further narrow the brain regions or 

neuronal types involved in this phenotype due to the technical limitation that there are 

not selective RIM1 antibodies that work for immunohistochemistry. 

While both fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice lead to cre-mediated 

recombination in the dentate gyrus, only fRIM1/POMC-cre+ mice exhibit increased 

sensitivity to MK-801.  At first glance, this would appear to rule out a role for loss of 

RIM1 in dentate gyrus in this behavioral abnormality.  The percentage of dentate 

granule neurons in which cre-mediated recombination occurs, however, is clearly much 
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larger in fRIM1/POMC-cre+ mice than in fRIM1/KA-cre+ mice.  Thus, I cannot rule out 

that an effect of loss of RIM1 in a majority of dentate granule neurons (fRIM1/POMC-

cre+) rather than a smaller percentage (fRIM1/KA-cre+) may account for the increased 

sensitivity to MK-801 in fRIM1/POMC-cre+ mice.  It is also possible that loss of RIM1 in 

combinations of the neuronal subtypes identified in fRIM1/POMC-cre+ is leading to the 

increased susceptibility to MK-801. Finally, though these mice performed normally in 

the rotarod task, I cannot rule out the possibility that other cerebellar-related 

abnormalities may become evident if a more extensive coordination test battery were 

performed. 

Lack of memory deficits in fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice 

Unlike RIM1α-/-, the fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice did not show a 

learning deficit in hippocampus-dependent forms of learning and memory including the 

Morris water maze and fear conditioning. Since fRIM1/POMC-cre+ lack RIM1 from most 

DG granule neurons, it suggests that RIM1-mediated forms of plasticity in DG granule 

neurons are either not required or that only a small percentage of RIM1 expressing DG 

granule neurons are necessary for these forms of learning. Similarly, since fRIM1/KA-

cre+ mice lack RIM1 from almost 100% of CA3 pyramidal neurons, it seems that RIM1-

dependent plasticity in area CA3 is not required for these forms learning. It may also be 

that robust loss of RIM1 from multiple synapses in the hippocampal tri-synaptic 

pathway is necessary to induce significant learning and memory deficits. As fRIM1/KA-

cre+ mice lack RIM1 robustly in area CA3 and mosaically in the DG, it raises the 

possibility that the learning and memory deficit observed in RIM1α-/- mice may be due, 
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at least in part, to the loss of RIM1 from extra-hippocampal synapses and may or may 

not require a loss of RIM1 in the hippocampus. 

fRIM1/KA-cre+ mice have a subtle phenotype compared to RIM1α-/-  mice 

 RIM1α-/- mice exhibited increased locomotor activity to novelty (Blundell et al., 

2010b). The fRIM1/KA-cre+ mice follow the same pattern except the increased 

locomotion is lesser in magnitude. Because of a lack of region selectivity and mosaicism 

of cre expression in fRIM1/KA-cre+ mice, it is difficult to pinpoint brain regions 

responsible for the increased locomotion to novelty. One interesting point suggested by 

the results, however, is the double dissociation between increased locomotion to 

novelty and enhanced MK-801-induced hyperactivity.  These two phenotypes do not 

seem to be mediated by the same set of neurons.   

Overview 

 Overall, both the fRIM1/POMC-cre+ and fRIM1/KA-cre+ mice recapitulate 

limited components of the phenotypes observed in the RIM1α-/- mice. Both of these cre 

recombinase driver lines have been used in a variety of studies (Ramadori et al., 2010, 

Banno et al., 2010, Fukushima et al., 2009, Zhang et al., 2009), some of which specifically 

compared locomotor activity or swim speed in B6 mice with and without the cre 

transgene and no abnormalities were observed (Xu et al., 2008, Tonegawa et al., 2003). 

The phenotypes observed in the fRIM1/KA-cre+ mice are subtle and difficult to attribute 

to RIM1 loss from particular neurons. The hypersensitivity to the locomotor activation 

effects of MK-801 was more narrowly limited to a few cell types and brain regions in the 

fRIM1/POMC-cre+ mice. One way to better study these brain regions in the future may 
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be to use virally expressed cre recombinase in order to target specific brain regions 

without the lack of selectivity that often accompanies cre driver lines. 
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Behavior RIM1a-/- fRIM1/POMC-cre+ fRIM1/KA-cre+ 

Elevated plus maze Normal Normal normal 

Open field not tested Normal normal 

Dark/Light Normal Normal normal 

Locomotion 
hyperactivity to 

novelty 
Normal 

hyperactivity to 
novelty 

Social interaction with 
a juvenile 

Decreased social 
interaction 

not tested not tested 

Social interaction in 
the open field 

not tested Normal normal 

Rotarod Normal Normal normal 

Startle threshold not tested Normal normal 

Pre-pulse inhibition 
Decreased pre-pulse 

inhibition 
Normal normal 

Contextual and cued 
fear conditioning 

decreased freezing Normal normal 

Morris water maze 
did not learn to find 

platform 
Normal normal 

Locomotor response to 
MK-801 

enhanced locomotor 
response 

enhanced locomotor 
response 

normal 

Maternal Behavior 
decreased maternal 

behavior 
not testes not tested 

TABLE 1.1 Summary of behavioral deficits in the RIM1α-/-, fRIM/POMC-cre+ and fRIM1/KA-
cre+ mice  
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CHAPTER 2 

 

PTEN knockdown Regulates Dendritic Spine Morphology but not Density 
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Chapter 2, Section 1 

Introduction and methods 

 

Introduction 

According to the National Institute of Mental Health, anxiety disorders are 

collectively among the most common mental disorder experienced by Americans. The 

12-month prevalence among U.S. adults is 18.1%, with lifetime prevalence exceeding 

30% for adults between 18 and 55 years old with an average age of onset at 11 years old 

(Kessler et al., 2005). In the elderly (> 55 years of age) there is wide variation in the 

prevalence of anxiety disorders reported ranging from 1.2% in New York to 14% in a 

study conducted in France (Bryant et al., 2008). For adolescents between 13 and 18 

years old there is 25.1% lifetime prevalence rate (Merikangas et al., 2010). Overall, 

females are much more likely than men to experience symptoms of anxiety disorders, 

and about one fifth of all patients diagnosed with anxiety disorders area considered 

have severe cases (Merikangas et al., 2010, Kessler et al., 2005).  

There is a spectrum of anxiety disorders including generalized anxiety disorder 

(GAD), panic disorder, specific phobias (which include social anxiety disorder and 

agoraphobia), obsessive-compulsive disorder, post-traumatic stress disorder (PTSD) and 

childhood anxiety disorder. Of those patients diagnosed with anxiety disorders, one 

third are receiving treatment by a health care provider, and only 12.7% are receiving 

minimally adequate care (Wang et al., 2005). Thus understanding the mechanisms
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that underlie anxiety disorders is essential for uncovering novel and more specific 

therapeutic targets which will be more effective than the current treatment options. 

Current treatment options for generalized anxiety disorder are broad and vary from 

person to person but include benzodiazepines, azapirones, antidepressants, 

anticonvulsants and antipsychotic drugs (Reinhold et al., 2011). In all of these cases, 

significant side effects exist making compliance a challenge. 

These diseases are often co-morbid with other mood disorders including 

depression and bipolar disorder, and children with untreated anxiety disorders are at a 

higher risk for developing psychiatric disorders later in life (Ramsawh et al., 2010). Thus, 

it is not surprising to find that there is overlap between what is known about the 

neurobiology of these diseases. 

The amygdala is a primary site of stress, anxiety and fear response regulation 

(Davis, 1992, Roozendaal et al., 2009). When one considers the efferent fibers from the 

central amygdala (the major output from the amygdala), this makes sense. The outputs 

include 1) Lateral hypothalamus (can cause pupil dilation, tachycardia, blood pressure 

elevation), 2) Dorsal Motor Nucleus of Vagus and the nucleus ambiguous (which can 

modulate digestion, urination and induce bradycardia), 3) parabrachial nucleus (cause 

panting and respiratory distress), 4) ventral tegmental area, locus coeruleus and dorsal 

lateral tegmental area (can increase vigilance and increase behavioral and EEG arousal), 

Nucleus reticularis pontis caudalis (can increase startle response), central gray (can 

cause freezing behavior and inhibit social interaction), trigeminal facial motor nucleus 
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(can cause facial expression of fear), and the paraventricular nucleus of the 

hypothalamus (can induce corticosteroid release) (Davis, 1992).  Most major inputs to 

the amygdala go to the basolateral amygdala (BLA) which in turn regulates the central 

amygdala. One of principal inputs to the BLA comes from the medial prefrontal cortex 

(mPFC) (Kim et al., 2011). It has been postulated that defects in Inhibition of the BLA 

from the medial prefrontal cortex, or over-activation of the BLA or both is important in 

the development of anxiety disorders. In support of this hypothesis imaging studies 

show that individuals who report increased levels of anxiety have overactive amygdala 

by functional magnetic resonance imaging (fMRI) at rest and when shown emotionally 

stimulating images (Goldin et al., 2009, Stein et al., 2002, Yoon et al., 2007, Bishop et al., 

2004, Somerville et al., 2004, Holzschneider and Mulert, 2011).  

 In accordance with this hypothesis, one group has performed a series of 

manipulations in rats which induce morphological changes that increase the 

connectivity of excitatory inputs onto BLA pyramidal neurons and cause associated 

anxiogenesis. Specifically, chronic immobility stress in rats induces enhanced dendritic 

arborization in BLA pyramidal neurons and decreases the time spent in the open arms of 

the elevated plus maze task (Vyas et al., 2002). They later go on to show that this 

enhanced dendritic arborization is accompanied by increased spine density (Mitra et al., 

2005). Interestingly, though one day of immobility stress was sufficient to induce 

dendritic arborization it did not produce an immediate increase in spine density or 

anxiety.  However, one day of chronic immobility stress did produce a 10-day delay in 
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spinogenesis on BLA pyramidal neurons that paralleled a 10-day delay in the onset of 

anxiogenesis (Mitra et al., 2005). Finally, they used a transgenic mouse that 

overexpressed brain derived neurotrophic factor (BDNF) in the forebrain. They found 

that these mice showed increased anxiety and spine density compared to controls in the 

absence of any stressful stimuli, and that a further increase in anxiety did not occur with 

chronic immobility stress, suggesting that BDNF is a mediator of stress induced 

anxiogenesis and spinogenesis (Govindarajan et al., 2006). As these manipulations were 

not limited to the amygdala, it is not clear whether the anxiogenic effects of BDNF are 

tied to the spinogenesis effects of BDNF in the amygdala, though they do provide 

correlative evidence suggesting a linear relationship between spine density in the 

amygdala and increased anxiety (Govindarajan et al., 2006). 

 BDNF and its receptor Tyrosine Kinase Receptor B (TrkB) have been implicated 

in anxiety disorders by a number of studies as well (Mahan and Ressler, 2012, Radley 

and Morrison, 2005). Some of these studies examined Val66Met variants of BDNF 

(Dennis et al., 2010), truncated TrkB isoforms (Carim-Todd et al., 2009), TrkB inhibitors 

(Cazorla et al., 2010), and BDNF over-expression in the forebrain (Govindarajan et al., 

2006) to name a few.  

There are a number of major signaling pathways that can be stimulated 

downstream of BDNF and its receptor TrkB including 1) MEK/ERK, 2) PI3K/AKT and 3) 

PLCγ/PKC signaling. Though nothing is known about which of these pathways mediates 

the BDNF induced spinogenesis in the amygdala, some of these molecules and others 
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have already been implicated in spinogenesis in other brain regions, in particular the 

hippocampus. One of the downstream pathways of interest is the PTEN/PI3K/AKT 

pathway. 

Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is a lipid 

and protein phosphatase that negatively regulates the phosphatidylinositol 3-kinase 

(PI3K)/AKT/mTOR signaling pathway, ultimately modulating cell growth and translation 

(Leslie and Downes, 2002, Downes et al., 2001, Vazquez and Sellers, 2000, Di Cristofano 

and Pandolfi, 2000, Dahia, 2000, Maehama and Dixon, 1999, Eng, 1999, Besson et al., 

1999, Eng, 2003, Hobert and Eng, 2009, Orloff and Eng, 2008, Waite and Eng, 2002, 

Maehama and Dixon, 1998, Hoeffer and Klann, 2010).  PTEN was originally discovered as 

the gene responsible for a subset of familial hamartoma syndromes associated with 

increased risk for certain cancers (Nelen et al., 1997) and as a gene often mutated in 

human cancers and tumor cell lines (Li et al., 1997, Steck et al., 1997). More recently, 

mutations in PTEN have been linked directly to autism with macrocephaly and 

neurodevelopmental delay with macrocephaly, findings that have been replicated by 

multiple laboratories in multiple cohorts (Boccone et al., 2006, Butler et al., 2005, 

Buxbaum et al., 2007, Goffin et al., 2001, Herman et al., 2007, McBride et al., 2010, 

Orrico et al., 2009, Stein et al., 2010, Varga et al., 2009, Zori et al., 1998).  Thus, 

understanding PTEN’s role in neuronal morphology and function is important for 

understanding human neuropsychiatric disease. 
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PTEN deficiency results in erratic neuronal migration, neuronal hypertrophy, 

and abnormal arborization and myelination in humans (Abel et al., 2005) and animal 

models (Backman et al., 2001, Kwon et al., 2001, Fraser et al., 2008, Kwon et al., 2006, 

Xiong et al., 2012).   Using Golgi staining or immunohistochemistry, I and others have 

demonstrated that PTEN-deficient neurons in brains of animal models have increased 

synaptic spine density (Kwon et al., 2006, Zhou et al., 2009, Luikart et al., 2011, Fraser et 

al., 2008) and increased frequency of mEPSCs (Luikart et al., 2011), findings suggestive 

of a role for PTEN in de novo synapse and synaptic spine formation.    

Using sensitive fluorescent dye measures, I have performed a detailed analysis 

of synaptic spine density and morphology in two different populations of central 

neurons with shRNA knockdown or transgenic deletion of PTEN.  Interestingly, I do not 

find an increased spine density that would implicate PTEN in de novo spine formation, 

but rather an overall decrease in total spine density of basolateral amygdala complex 

(BLA) neurons associated with a decrease in density of thin protrusions at distal 

dendritic segments and an increase in density of more “mature”, mushroom-shaped 

spines all along the dendritic tree. In the dentate gyrus granule neurons I found no 

change in overall spine density, but the same shift in spine morphology: decreased thin 

protrusions and increased mushroom spines. Spine head diameter of mushroom-shaped 

spines is also significantly increased. These changes are accompanied by increased 

frequency and amplitude of mEPSCs onto PTEN-deficient neurons, implying that this 

structural spine maturation is accompanied by concomitant functional maturation.  
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These results implicate PTEN and the PI3K/AKT/mTOR pathway in functional and 

structural spine alterations rather than de novo spine formation.  Finally, my data 

suggest that increased functional, mushroom spine density in the BLA is not sufficient to 

cause anxiety-like behavioral phenotypes that have previously been correlated with 

increased BLA spine density and anxiety-like behaviors following chronic stress 

(Lakshminarasimhan and Chattarji, 2012).  
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Methods 

Recombinant Adeno-Associated Virus 

Viruses were constructed and purified by the laboratory of Dr. Michael Kaplitt. 

Recombinant adeno-associated virus (rAAV) vectors encoding for luciferase-silencing or 

PTEN-silencing short hairpin loop RNA (shLuciferase and shPTEN respectively) sequences 

were generated as follows: DNA oligos encoding shLuc and shPTEN were annealed and 

cloned immediately downstream from the human PolIII H1 promoter into BglII and XbaI 

sites of an rAAV vector. The following oligos were used: 5’-

GATCCCCCCGCTGGAGAGCAACTGCATTTCAAGAGA 

ATGCAGTTGCTCTCCAGCGGTTTTTGGAA-3’ (shLuc) and 5’-

GATCCCCGAGTTCTTCCACAAACAGAACTTCCTGTCA 

TTCTGTTTGTGGAAGAACTCTTTTTTGGAAT-3’ (shPTEN). The underlined regions are the 

target-specific palindrome sequences separated by the loop sequence. The rAAV vector 

bicistronically expresses YFP under the control of the hybrid CMV enhancer/chicken β-

actin promoter. Vector stocks were prepared by packaging the plasmids into AAV 

serotype 2 particles using a helper-free plasmid transfection system. Serotype 2 has 

been shown to have specificity for neurons over microglia and astrocytes (Bartlett et al., 

1998). The vectors were purified using heparin affinity chromatography and dialyzed 

against PBS. AAV titers were determined by quantitative PCR using CMV-enhancer-

specific primers and adjusted to 1011 genomic particles per ml. The integrity and 

accuracy of all constructs were verified by sequencing.  

Intracranial viral injections 
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7 week old male C57BL/6J mice were anesthetized with 0.1 ml of a 20% 

ketamine, 10% xylazine in 0.9% saline solution, mounted onto a mouse stereotactic 

apparatus (KOPF Instruments, Tujunga, CA), and sterilized with ethanol and povidone-

iodine (Betadine, Purdue Products). Holes in the skull were drilled 1.2 mm posterior, 

3.25 mm lateral from bregma bilaterally and a pulled glass capillary pipette (Sutter 

Instruments, Novato, CA) containing the virus was brought to the brain surface. The 

pipette was lowered 4.5 mm where 0.5 µl of AAV-shPTEN or AAV-shLuc was slowly 

injected into the region of the basolateral amygdala complex (BLA – comprised of the 

basolateral and lateral nuclei of the amygdala). Following injections, silk sutures were 

used to close the wound. The location and spread of viral infection was examined post-

mortem using immunohistochemistry (IHC – method described below) to detect YFP 

expression. Only mice that bilaterally expressed YFP in the BLA without significant YFP 

expression in the cortex, striatum or central amygdala were defined as bilateral BLA hits 

and used for experimental analysis.  This determination took place after the 

experiments were completed by an investigator blind to the experimental results of 

each individual mouse. On a subset of mice, I used IHC to co-label 30 µm thick brain 

sections with anti-NeuN and anti-YFP antibodies, and then took high magnification 

images within a virally infected region of the BLA. The percentage of infected neurons 

infected was then calculated as the percent of NeuN+ cells that were also YFP+. For each 

group, a total of 5 slices were analyzed from 3 mice and averaged together. 

Immunohistochemical, electrophysiological, and morphological experiments were 
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performed 3 weeks after surgeries. All experiments were done in accordance with NIH 

(National Institutes of Health) and University of Texas Southwestern Medical Center 

animal guidelines and protocols. 

Immunohistochemistry 

 Virus-injected mice were perfused with 4 % paraformaldehyde (Sigma; St. Louis, 

MO), then whole brains were post-fixed in 4 % paraformaldehyde at 4°C overnight. 

Brains were then transferred to 30 % sucrose (Sigma) and allowed to equilibrate until 

they sank. 30 µm sections were cut (HM 430 Sliding microtome, Microm; Waldorf, 

Germany) at dry ice temperatures and stored at 4°C in PBS containing 0.1 % sodium 

azide (Sigma) until use. Tissue sections were mounted onto positively charged glass 

slides (Fisher; Waltham, MA) and allowed to air dry. A 0.1 M citric acid (Sigma) antigen 

unmasking treatment was performed prior to blocking slices with 3 % normal donkey 

serum (NDS) (Jackson ImmunoResearch; West Grove, PA) in PBS containing 0.3 % triton 

X-100 (Sigma). Overnight primary antibody incubation in 3 % NDS, 0.3 % Tween-20 

(Sigma) in PBS at room temperature (Chicken anti-GFP 1:2000, Invitrogen, Carlsbad, CA; 

Mouse anti-NeuN 1:250, Millipore, Billerica, MA; Rabbit anti-PTEN 1:400, and Rabbit 

anti-pAKT 1:200, Cell Signaling, Danvers, MA) was followed by a 2 h secondary antibody 

treatment (DyLight 488-conjugated donkey anti-chicken, CY3-conjugated donkey anti-

mouse or Biotin-conjugated donkey anti-rabbit; Jackson ImmunoResearch). Tyramide 

amplification was performed using the Avidin Biotin Complex Kit (Vector Laboratories; 
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Burlingame, CA) and a Tyramide Signal Amplification Kit (PerkenElmer; Waltham, MA). 

Images were taken on an Olympus BX51 epifluorescent microscope (Tokyo, Japan). 

Neuronal Morphology and Spine Density 

Basolateral Amygdala Neurons 

 Mouse brain tissue was prepared for intracellular loading of neurons in the BLA 

with Alexa Fluor 568 following methods reported by Dumitriu, et al., with some 

modifications (Dumitriu et al., 2010, Dumitriu et al., 2011). Mice used for spine analysis 

were injected with virus and then sacrificed 3 weeks later, 2 mice at a time (1 shLuc and 

1 shPTEN), allowing for perfusion, cell filling and confocal imaging to be done within 72 

hours. Virus-injected mice were perfused with 5 ml of 1 % PFA in 0.1 M phosphate 

buffer, pH 7.4 (PB) followed by 60 ml of 4 % PFA and 0.125 % Glutaraldehyde in 0.1 M 

PB at 5 ml/min. Brains were post-fixed for 2 hours in 4 % PFA and 0.125 % 

Glutaraldehyde in 0.1 M PB then 225 µm thick slices were cut on a vibratome in chilled 

1X PBS (Fisher, Waltham, MA) and stored in 1X PBS at 4°C until use.  

Loading of virally infected neurons with Alexa Fluor 568 (Invitrogen) was 

performed as previously described (Hao et al., 2006) with minor modifications. Sections 

were immersed in 1X PBS and virally infected neurons of the BLA were identified by 

epifluorescence, impaled with sharp micropipettes, and loaded with 10 mM Alexa Fluor 

568 in 200 mM KCl under a direct current of 1–4 nA for 5–10 min, or until the dye filled 

distal processes and no additional loading was observed. 5-10 neurons were loaded with 

dye per mouse and 2-4 neurons were loaded per slice. Sections containing loaded cells 



62 
 

 
 

were mounted on glass slides, and covered with H-1000 Vectashield mounting medium 

(Vector Laboratories). Confocal z-stacks of filled neurons contained 50-80 images 2 µm 

apart and were captured with a Plan-Achromat 20X/0.75 NA objective lens on a Zeiss, 

LSM 510. Filled neurons had to meet four criteria to be kept for morphological and spine 

analysis. (1) The neuron had to be located in the basolateral amygdala complex. (2) The 

neuron had to express YFP, detected with 3-dimensional imaging taken by confocal 

fluorescent microscopy (Laser Scanning Microscope 510, Zeiss, Peabody, MA). (3) Due to 

differences in morphology and spine density between different neuron types in the BLA, 

the neuron had to be a Class I neuron (McDonald, 1982). Class I neurons were defined 

as cells with a soma at least 15 µm in diameter, at least 5 primary dendrites and at least 

3 quaternary branches derived from different primary branches. (4) The center of the 

cell body had to be located 20-35 µm beneath the surface of the slice so that a 

consistent portion of the total dendritic arbor would be included in morphological 

analysis. 3-dimensional digital reconstructions of neurons were created using 

Neurolucida and morphological analysis was performed with NeuroExplorer (MBF 

Bioscience, Williston, VT). After excluding cells that did not meet these criteria, 17 shLuc 

infected cells from 5 mice and 16 shPTEN infected cells from 5 mice were included in the 

amygdala study. 

Printouts of neuronal reconstructions that included a series of scaled, concentric 

circles 10 µm apart centered on the cell body were used to pseudo-randomly select 

dendritic segments for spine analysis. I selected one dendritic segment every 10 µm 
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from the cell body up to 100 µm. Confocal z-stacks of dendritic segments containing up 

to 60 images 0.2 µm apart were captured with a 100X/1.4 NA oil immersion objective 

lens on a Zeiss, LSM 510. Dendritic segments had to meet three criteria to be imaged 

and included in analysis. (1) The dendritic segment had to span a 10 µm thick circular 

band created by two adjacent concentric circles. (2) The dendritic segment had to be 

nearly parallel to the surface of the slice, such that the entire segment could be imaged 

within a 6 µm thick z-stack. (3) No branching or crossing of nearby labeled dendrites 

could be observed within the segment. Settings for pinhole size, aperture gain, and 

offset were optimized initially and then held constant throughout the study to ensure 

that all images were digitized under the same illumination conditions at a resolution of 

0.032 µm × 0.032 µm × 0.2 µm per voxel. One high magnification image was taken every 

10 µm from the soma up to 100 µm from the soma. The confocal z-stacks were 

deconvolved with AutoDeblur (Media Cybernetics, Bethesda, MD) and imported into 

NeuronStudio (Mt. Sinai School of Medicine, New York, NY) for semi-automated three-

dimensional dendrite segment width and length, spine density, spine head diameter and 

spine classification analysis as reported in Rodriguez et al., 2008 (Rodriguez et al., 2008). 

Briefly, the spine density was calculated by dividing the total number of spines present 

by the length of the dendritic segment. Spine subtypes were characterized by Neuron 

Studio as follows: A spine was deemed stubby if no neck was identified and the total 

length of the spine was < 2.5 times the width of the base of the spine. A spine was 

classified as a thin protrusion in two ways: 1) No neck was identified but its total length 
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was > 2.5 times the width of the identified base of the spine. 2) A neck was identified 

but the head diameter was < 0.37 µm. A mushroom spine was classified as a spine with 

a neck and a head diameter > 0.37 µm. Details regarding the algorithms used to 

calculate head diameter and neck length have been published elsewhere (Rodriguez et 

al., 2008). Of note, head diameter is taken as the largest diameter of the head in three-

dimensional space. The head diameter threshold of 0.37 µm was obtained by manually 

classifying spines in a subset of shLuc neurons and plotting the head diameter 

distribution of thin and mushrooms spines. The intersection of those distributions was 

used as the head diameter threshold. No distinction was made between filapodia and 

thin spines and thus both are included in the thin protrusion category. A Student’s t-test 

was used for statistical analysis except when distance was included as a repeated 

measure factor in which case a 2-way ANOVA with repeated measures was used. 

Dentate Gyrus Granule Neurons 

 PTEN cKO mice and WT littermate pairs were provided by Dr. Luis Parada. Mice 

were sacrificed for spine analysis at 6 months of age. Tissue was prepared in the same 

manner as above, with the exception that prior to cell-filling, slices were stained with 

DAPI so that the dentate gyrus cell body layer could be identified. Cells were filled in the 

same manner as stated above, except that dentate gyrus cell body layer neurons were 

chosen at random. Whole cell morphological analysis was not performed, but dendritic 

segments of filled cells were selected for confocal imaging based on three criteria. (1) 

The dendritic segment had to span the 20-50 µm distance from the edge of the cell body 
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layer. (2) The dendritic segment had to be nearly parallel to the surface of the slice, such 

that the entire segment could be imaged within a 6 µm thick z-stack. (3) No branching or 

crossing of nearby dendrites could be observed within the segment. Dendrite width, 

spine density and spine head diameter were all analyzed as stated above except that 

manual classification of spines from a subset of the WT DG granule neurons provided a 

head diameter threshold of 0.5 µm. 

Electrophysiology 

Spontaneous, Miniature Synaptic Transmission in Amygdala 

Coronal slices (300 um thick) including the BLA were prepared and recordings 

performed as described previously (Stuber et al., 2011).  Briefly, 3-5 weeks after 

stereotaxic injections of the viral vectors (see above), mice were anesthetized with 

pentobarbital, perfused intracardially with 20-30 ml of modified 0°C artificial 

cerebrospinal fluid (aCSF) and decapitated. The brain was quickly isolated and chilled 

into dissecting solution. The dissecting solution contained the following (in mM): 75 

sucrose, 81 NaCl, 2.5 KCl, 1.0 NaH2PO4, 0.1 CaCl2, 4.9 MgCl2, 26.2 NaHCO3, and 1.5 

glucose (300-305 mOsm). The bathing solution contained the following (in mM): 119 

NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.5 CaCl2, 1 MgCl2, 26.2 NaHCO3, and 10 dextrose, 

saturated with 95% O2/5% CO2. For recording of mEPSCs, the bathing solution was 

incubated in the bathing solution at 32°C for at least 1 h. Afterward, slices remained at 

32°C or room temperature until transferred to a submersion-type recording chamber. 
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Whole-cell patch-clamp recordings from BLA neurons were performed using 

micropipettes (3-

Precision Glass).  Recording pipettes were filled with the following solution (in mM): 117 

Cs-methanesulphonate, 2.8 NaCl, 5 TEA-Cl, 0.4 EGTA, 2 ATP-Mg, 0.25 GTP-Mg, 20 

HEPES-CsOH (pH 7.2-7.4, 275-285 mOsm).  Access resistance was frequently checked to 

 of variability).  Recordings were obtained using the 

700B Multiclamp amplifier (Molecular Devices), and neurons were visualized using a 

fluorescent microscope equipped with infrared differential interference contrast. All 

responses were digitized at 10 kHz and filtered at 1 kHz.  Data were analyzed offline 

using pClamp, Minianalysis (Synaptosoft) and Microsoft Excel.  Student’s t-test was used 

to evaluate significance of all analyses. 

Behavior 

Behaviors were done on two cohorts of mice with less stressful tests at the 

beginning and more stressful tests toward the end in the following order: elevated plus 

maze, dark/light, open field, locomotor, social interaction with a juvenile, social 

interaction in an open field, startle threshold, contextual and cued fear conditioning, 

and footshock threshold (McIlwain et al., 2001). The behavioral tests were begun at 3 

weeks post virus injection. Mice were given a 24 hr inter-test interval throughout the 

test battery (Paylor et al., 2006). Mice were allowed 1 h to habituate to the testing room 

prior to beginning experiments. Significance was taken as p < 0.05 for all behaviors. Only 

mice with clear, bilateral BLA viral targeting were included in the study. (N=15 AAV-
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PTEN-shRNA injected mice and N=12 AAV-Luciferase-shRNA injected mice). All 

behavioral tests were done in accordance with IACUC and UT Southwestern Medical 

Center animal guidelines and protocols. 

Tests of Anxiety – tests of anxiety were performed as previously reported (Tabuchi et 

al., 2007). For the elevated plus maze task mice were placed in the center of a black 

plexiglass elevated plus maze (each arm 33 cm in length and 5 cm wide, with 25 cm high 

walls on closed arms) in a dimly lit room for 5 min. 2 mazes were used and video-

tracked simultaneously (Ethovision 2.3.19, Noldus; Wageningen, The Netherlands). A 

barrier was set between the mazes to prevent mice from seeing each other. Time spent 

in open and closed arms, number of open and closed entries, and time in the middle 

was calculated. Data were analyzed with a 1-way ANOVA. The open field test was 

performed for 10 min in a brightly lit, 48 x 48 x 48 cm white plastic arena using the 

Ethovision video-tracking software (Noldus). Time spent in the center zone (15 x 15 cm) 

and frequency to enter the center was recorded. Locomotor activity was also measured 

during the open field test. Data were analyzed with a 1-way ANOVA. The dark/light 

apparatus is a 2 compartment opaque plexiglass box. One side is black and kept closed 

and dark, while the other is white with a fluorescent light directly above its open top. 

Mice were placed in the dark side for 2 min, and then the divider between the two sides 

was removed allowing the mouse to freely explore both chambers for 10 min. Time 

spent in the light and in the dark compartments were measured. Measures were taken 
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using photobeams and MedPC software (Med Associates; St. Albans, VT). Data were 

analyzed with a 1-way ANOVA. 

Locomotor – The locomotor test was performed as previously reported (Tabuchi et al., 

2007). Mice were placed in a fresh home cage with minimal bedding for a 2 hour testing 

period. Lengthwise horizontal activity was monitored using photobeams linked to 

computer data acquisition software (San Diego Instruments, San Diego, CA). Data were 

analyzed with a 2-way ANOVA with repeated measures (2-way rmANOVA). 

Social Interaction Tests – Tests of social interaction were performed as previously 

reported (Tabuchi et al., 2007). Direct social interaction with a juvenile took place in a 

novel, empty, clear, plastic mouse cage under red light as previously reported. Following 

a 15 min habituation in the dark, the experimental and target mice were placed in the 

neutral cage for two min and allowed to directly interact. Time spent interacting with 

the juvenile was scored by an observer blind to genotype. Social learning was assessed 

three days later by allowing mice to interact with the same juvenile for an additional 

two min. Again, time spent interacting with the juvenile was scored. Data were analyzed 

with a 3-way mixed ANOVA with genotype and sex as between subjects factors and test 

session as a within subjects factor. Social interaction in the open field was tested by 

placing experimental mice in a 48 × 48 cm2 white plastic arena using a 6.0 × 9.5 cm 

porous rectangular plexiglass cage with or without an adult mouse as a target, allowing 

olfactory and minimal tactile interaction. Social interaction was measured as the time 
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spent in the interaction zone (area immediately surrounding the target cage). 1-way 

ANOVA was used to compare time spent in the interaction zones between groups. 

Fear Conditioning – Fear conditioning was performed as described previously (Powell et 

al., 2004). Mice were placed in clear plexiglass shock boxes (Med Associates) for 2 min, 

and then two, 90 dB acoustic conditioned stimuli (CS; white noise, each 30 seconds in 

duration and separated by a 30 second delay) were played. Each CS co-terminated in a 2 

s, 0.5 mA foot shock (US).  Mice remained in the chamber for 2 min after the second 

pairing before returning to their home cages. Freezing behavior (motionless except 

respirations) was monitored at 5 s intervals by an observer blind to the genotype. To 

test contextual learning 24 hr later, mice were returned to the same training context 

and scored for freezing in the same manner. To assess cue-dependent fear conditioning, 

mice were placed in a novel environment with an unfamiliar vanilla odor in the 

afternoon following the contextual test. Freezing was measured first during a 3 min 

baseline period then during 3 minutes with the CS playing. Cue-dependent fear 

conditioning was measured by subtracting the 3 min baseline period from the 3 min CS 

period. Data were analyzed with a 1-way ANOVA. 

Startle Threshold – This task was performed exactly as described previously (Blundell et 

al., 2010b). Briefly, mice were presented with 6 trial types of varying intensity (No 

Stimulus or 80, 90, 100, 110, or 120 dB pulses – eight presentations of each). Mean 

startle amplitudes for each condition were averaged. Data were analyzed with a 2-way 

rmANOVA. 
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Footshock Threshold – Footshock threshold analysis was performed as described 

previously (Blundell et al., 2009). Briefly, mice were placed in fear conditioning 

apparatus for a two min habituation followed by a two s footshock with an interstimulus 

interval of 20 s of gradually increasing intensity from 0.05 mA at 0.05 mA steps. The 

intensity required to elicit flinching, jumping and vocalizing was recorded by an observer 

blind to genotype. Data were analyzed with a 1-way ANOVA. 
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FIGURE 2.1 Map of AAV vectors. Map of AAV vectors.  Major elements include: AAV-2 inverted 

terminal repeats (ITR), human H1 promoter, shRNA palindrome, hybrid CMV enhancer/chicken β-

actin (CBA) promoter, enhanced yellow fluorescent protein (YFP), WPRE and bovine growth 

hormone (BGH) polyadenylation signal. 
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Chapter 2, Section 2 

Experimental Findings 

 

Chattarji and colleagues (Govindarajan et al., 2006, Lakshminarasimhan and 

Chattarji, 2012) had previously demonstrated that following chronic and acute 

immobilization stress, BDNF (an upstream regulator of the PI3K/AKT/mTOR pathway) 

and spine density concomitantly increase in the BLA (Lakshminarasimhan and Chattarji, 

2012).  In BDNF overexpressing transgenic mice, increased BDNF and increased neuronal 

spine density in BLA correlated with increased anxiety (Govindarajan et al., 2006).   I 

initially hypothesized that increased activity of the PI3K/AKT/mTOR pathway via 

knockdown of PTEN would be sufficient to increase spine density and increase anxiety-

like behavior.  To test these hypotheses, I injected shRNA-expressing AAV serotype 2 

into the BLA that would target and knockdown PTEN transcripts preferentially in 

neurons (Bartlett et al., 1998). I then measured neuronal and spine morphology and 

size, miniature EPSPs and a battery of anxiety, locomotor, social interaction and fear 

learning tasks.  

Characterization of viral injections 

 In order to knockdown PTEN, I used AAV-PTEN-shRNA (shPTEN) injections into 

the BLA compared to control virus AAV-luciferase-shRNA (shLuc).  Because both the 

shPTEN and shLuc viruses bicistronically expressed YFP, I used immunohistochemistry 

(IHC) against YFP to examine the accuracy of the bilateral viral injections into the BLA 3 
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weeks after injection (Figure 2.2 A-B). I found that more than half of the injected mice 

showed YFP expression largely contained bilaterally to the BLA bilaterally (data not 

shown). Mice that did not exhibit YFP expression in the BLA, or that exhibited significant 

YFP expression in the central amygdala, cortex, or striatum were excluded from the 

studies in a manner completely blind to behavioral and morphological results. In order 

to examine the anterior-posterior spread of the virus within the BLA, I again used anti-

YFP antibodies to label brain sections taken every 180 µm along the anterior-posterior 

axis of the amygdala (Figure 2.2 C). I found that YFP expression spread more than 1 mm 

along the anterior-posterior axis. Finally, I quantified the percentage of neurons 

expressing YFP within an infected region by co-labeling sections with anti-YFP and anti-

NeuN antibodies and then calculated the percentage of NeuN+ cells that were also YFP+ 

(Figure 2.2 D-G). The percentage of neurons infected by the shPTEN and shLuc viruses 

was not significantly different (shPTEN, Mean – 58.80%, SEM - ±1.58%; shLuc, Mean - 

54.81%, SEM - ±1.58%; p = 0.23, N=5). While around half of the NeuN+ cells were also 

YFP+, it is important to note, that few of the YFP+ cells were NeuN- (Figure 2.2 G). 

Though small numbers of other cell types may have been infected, this supports what is 

already known about the neuron selective tropism of AAV serotype 2 viruses (Bartlett et 

al., 1998). 

 I next tested whether the shPTEN virus effectively resulted in decreased PTEN 

protein levels by double-labeling YFP and PTEN in brain sections from shPTEN and shLuc 

injected mice. In low magnification images, shPTEN infected tissue (Figure 2.3 A-C) 
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revealed that PTEN protein levels were significantly decreased in regions expressing viral 

YFP, while shLuc infected tissue (Figure 2.3 D-F) showed no change in PTEN levels in 

regions expressing viral YFP. When these sections were imaged with higher 

magnification, cells located within or bordering the shPTEN infected region that express 

detectable levels of PTEN do not express YFP (Figure 2.3 G-I). However, in the shLuc 

infected cells, no detectable change in PTEN levels was observed among cells inside or 

outside the infected region (Figure 2.3 J-L).  Thus, shPTEN effectively reduces PTEN 

levels while the control virus, shLuc, does not. 

To determine if PTEN function also decreased after shPTEN viral infection, I 

assessed the expression of phosphorylated AKT (pAKT) which is downstream of PTEN 

and PI3K. Under normal conditions PTEN function acts to decrease the amount of 

phosphatidylinositol trisphosphate, thereby decreasing PI3K activity and decreasing 

pAKT in the cell. Thus, with decreased PTEN function I expected increased pAKT within 

the shPTEN infected region. When I co-localized the virally expressed YFP and pAKT, low 

magnification images revealed that shPTEN infection dramatically increases pAKT levels 

(Figure 2.3 M-O) while shLuc infected tissue does not display any increase in pAKT levels 

(Figure 2.3 P-R). Under higher magnification I observed that cells infected with the 

shPTEN virus have increased pAKT levels (Figure 2.3 S-U) while shLuc infected cells do 

not (Figure 2.3 V-X). 

PTEN knockdown in BLA neurons induces neuronal hypertrophy  
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 In order to measure changes in the morphology of virally infected neurons, YFP+ 

BLA neurons were loaded with the red fluorescent dye, Alexa Fluor 568. Z-stack images 

of loaded cells (Figure 2.4 A-B) were used to digitally reconstruct infected cells and 

analyze soma size, dendritic length and dendritic branching. Somas of shPTEN infected 

neurons were found to be significantly larger than in shLuc infected neurons (Figure 2.4 

C; shPTEN - Mean, 4143.0 µm3, SEM, ± 345.9 µm3; shLuc - Mean, 2636.1 µm3, SEM, 

176.3 µm3; N=18, p < 0.001 using student’s t-test). When I performed a Scholl analysis 

using concentric circles whose radii increase in increments of 30 µm, I found no change 

in total dendritic length (data not shown) or in the length of dendrite at any specific 

distance from the cell body between shPTEN and shLuc infected neurons (Figure 2.4 D). I 

also did not detect any change in the total number of branch points (data not shown) or 

number of branch points (nodes) at any specific distance from the cell body between 

the two groups (Figure 2.4 E).  I did observe, however, a dramatic increase in dendrite 

diameter of shPTEN infected neurons that seemed to be most prominent from 30-80 

µm from the cell body (Figure 2.4 F; 2-way ANOVA, main effect of virus, F(1,310) = 35.02, p 

< 0.0001, main effect of distance F(9,310) = 13.58, p < 0.0001, virus X distance interaction 

F(9,310) = 0.81, p = 0.61). This difference in dendrite diameter between shLuc and shPTEN 

infected neurons is also beautifully illustrated in figure 2.5 A-D. The increase in dendritic 

caliber and soma size are consistent with what is known about the knockdown and 

knockout of PTEN in the DG (Zhou et al., 2009, Luikart et al., 2011, Kwon et al., 2006, 

Kwon et al., 2003). 
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PTEN knockdown causes a decrease in thin protrusion density at distal dendritic 

segments and a corresponding increase in mushroom spine size and density all along 

the dendritic tree 

Because cell body and dendrite diameters were increased in the shPTEN 

neurons, I questioned whether spine head diameter would also increased. Thus, I 

analyzed spine heads and identified a significant increase in spine head diameter in 

PTEN knockdown neurons compared to shLuc-infected control neurons. Spine head 

diameter was measured using confocal microscopy to take high magnification, high 

resolution, z-stack images of dendritic segments every 10 µm up to 100 µm from the cell 

body (Figure 2.5 A-D shows representative images). Overall, average spine head 

diameter was increased in shPTEN neurons compared to shLuc neurons at all dendritic 

distances measured (Figure 2.5 E; 2-way ANOVA with repeated measures (rmANOVA), 

main effect of virus F(1,26) = 25.14, p < 0.0001; main effect of distance F(9,234) = 2.58, p < 

0.01; virus X distance interaction F(9,234) = 10.54, p < 0.0001).  

In addition to determining the overall spine head diameter, which could be 

affected simply by increasing the proportion of mushroom-shaped spines compared to 

thin protrusions, I sub-categorized spines into mushroom and stubby spines and thin 

protrusions.  After sub-categorizing spines in this manner, I observed that mushroom 

spine head diameter as a separate group was increased in the shPTEN neurons (Figure 

2.5 F; main effect of virus F(1,17) = 9.14, p < 0.01; main effect of distance F(9,153) = 2.19; p < 

0.05; virus X distance interaction F(9,153) = 1.35, p = 0.21). Stubby spine and thin 
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protrusion head diameters, however, were no different between shLuc and shPTEN 

neurons (Figure 2.5 G and 2.5 H respectively). Thus, it appears that the overall increase 

in spine head diameter of shPTEN neurons in the BLA can be attributed to the increase 

in mushroom spine head diameter in addition to possible changes in the proportion of 

mushroom spines. 

Because knocking down PTEN has been reported by my lab and others to 

increase spine density (Luikart et al., 2011, Zhou et al., 2009, Kwon et al., 2006), I also 

measured spine density in shPTEN and shLuc neurons. Contrary to my lab’s and others’ 

previous findings using less sensitive measures, I did not find an increase in total spine 

density; on the contrary, statistical analysis revealed an interaction between virus and 

distance that suggested a decrease in total spine density in shPTEN neurons at the more 

distal segments compared to shLuc neurons with no change in density more proximally. 

(Figure 2.6 A; 2-way rmANOVA, main effect of virus F(1,31) = 2.13, p = 0.15; main effect of 

distance F(9,279) = 32.72, p < 0.0001; virus X distance interaction F(9,279) = 2.02, p < 0.05).  

To tease apart the contribution of different spine types on spine density, I 

evaluated the density of mushroom spines, stubby spines and thin protrusions 

independently. This analysis demonstrated that mushroom spine density was increased 

in shPTEN neurons compared to shLuc neurons while both thin protrusion and stubby 

spine densities were decreased in shPTEN neurons compared to shLuc neurons (Figure 

2.6 B-D; mushroom, main effect of virus F(1,31) =10.96, p < 0.01; main effect of distance 

F(9,279) = 19.7, p < 0.0001; virus X distance interaction F(9,279) = 1.02, p = 0.42; thin, main 
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effect of virus F(1,31) = 5.12, p < 0.05; main effect of distance F(9,279) = 25.63, p < 0.0001; 

virus X distance interaction F(9,279) = 2.07, p < 0.05; stubby, main effect of virus F(1,31) = 

14.99, p < 0.001; main effect of distance F(9,279) = 2.97, p < 0.01; virus X distance 

interaction F(9,279) = 0.61, p = 0.79). These differential changes in spine subtypes result in 

shPTEN neurons with a dramatically increased mushroom spine fraction along the entire 

length of the dendrite compared to shLuc neurons (Figure 2.6 E; main effect of virus 

F(1,26) = 34.44, p < 0.0001, main effect of distance F(9,234) = 2.65, p < 0.01; virus X distance 

interaction F(9,234) = 9.90, p < 0.0001). When the mushroom spine fraction was calculated 

for the entire 100 µm length of dendrite, 39.2% (SEM ± 3.02%) of spines in shPTEN 

neurons were mushroom spines, while only 22.95% (SEM ± 2.64%) of spines were 

mushroom spines in shLuc neurons (Figure 2.6 F; student’s t-test, p < 0.001). 

PTEN knockdown-induced shift from thin protrusions to mushroom spines is not 

specific to amygdala neurons 

  My findings in basolateral amygdala neurons of decreased spine density at distal 

segments and a shift from thin protrusions to mushroom spines directly contrasted with 

previous reports from the Powell Lab of increased spine density in dentate gyrus granule 

neurons of PTEN conditional knockout mice.  These findings could be explained by 

regional and neuronal differences or by an increased sensitivity of Alexa Fluor 568 cell 

filling followed by confocal spine-imaging compared to previously used methods. In an 

effort to distinguish between these interpretations, I used the same fluorescent cell 

filling, imaging, and spine analysis techniques on dentate gyrus granule neurons in PTEN 
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conditional knockout mice (PTEN cKO) as I used in the BLA. Similar to previous work in 

these PTEN cKO mice, images were taken of dentate gyrus granule neuron dendrites 

spanning the 20-50 µm distance from the dentate gyrus cell body layer (representative 

images in Figure 2.7 A-B) As expected, and similar to my findings in the BLA and previous 

reports (Luikart et al., 2011, Zhou et al., 2009), I found that PTEN cKO neurons had 

increased dendritic diameter (Figure 2.7 C; WT, 0.80 ± 0.04 µm; PTEN cKO, 1.85 ± 0.13 

µm, student’s t-test p < 0.0001). I also found that, similar to the BLA shPTEN neurons, 

spine head diameter was increased; however, in the DG a significant increase was 

observed across all three spine types (Figure 2.7 D; All spines, WT 0.38 ± 0.01, PTEN cKO 

0.63 ± 0.02, student’s t-test p < 0.0001; mushroom spines, WT 0.77 ± 0.02, PTEN cKO 

0.95 ± 0.02, p < 0.0001; thin protrusions, WT 0.32 ± 0.006, PTEN cKO 0.37 ± 0.006 p < 

0.05; stubby spines, WT 0.40 ± 0.04, PTEN cKO 0.70 ± 0.04 p < 0.0001).  

As spine density was previously reported to be increased in dentate gyrus 

granule neurons of PTEN cKO mice (Kwon et al., 2006), I expected similar results. 

However, I found that similar to the shPTEN neurons in BLA, there was an increase in 

mushroom spine density with a corresponding decrease in thin protrusion density with a 

small increase in stubby spine density that resulted in no change in overall spine density 

(Figure 2.7 E; all spines, WT 3.93 ± 0.27 spines/µm, PTEN cKO 3.87 ± 0.33 spines/µm, p = 

0.89; mushroom spines, WT 0.48 ± 0.04 spines/µm, PTEN cKO 1.67 ± 0.17 spines/µm, p < 

0.0001; thin protrusions, WT 3.36 ± 0.27 spines/µm, PTEN cKO 2.02 ± 0.19 spines/µm, p 

< 0.001; stubby, WT 0.09 ± 0.02 spines/µm, PTEN cKO 0.18 ± 0.02 spines/µm, p < 0.01). 
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Finally, again similar to shPTEN neurons in BLA, the mushroom spine fraction (# 

mushroom spines/# total spines) in the PTEN cKO dentate granule neurons was 

significantly and dramatically increased compared to WT neurons (Figure 2.7 F; WT 33.4 

± 2.54%, PTEN cKO 66.46 ± 2.52%, p < 0.0001).  Thus, PTEN deficiency-induced increases 

in mushroom spine density and corresponding decreases in thin protrusion density are 

common to both amygdala neurons and dentate granule neurons, even using different 

knockdown approaches and different durations of knockdowns.  These results suggest a 

widespread role for the PTEN/PI3K/AKT/mTOR pathway in maintaining the proper 

balance of thin protrusions and mushroom spines in neurons throughout the central 

nervous system.   

shPTEN infected neurons display increased miniature EPSC neurotransmission 

Dendritic spines are a major site for excitatory synaptic neurotransmission 

(Bourne and Harris 2007).  Spines of diverse sizes and morphologies are thought to 

represent different stages of spine maturity and to vary in function (Bourne and Harris, 

2007, Matsuo et al., 2008). As demonstrated above, shPTEN infected neurons had 

increased mushroom spine density, decreased thin protrusion density at distal 

segments, and increased spine head diameter. The differences in these dendritic spine 

parameters suggest that synaptic transmission may also be altered due to knockdown of 

PTEN.  As an initial step in investigating this possibility, I recorded miniature excitatory 

post-synaptic currents (mEPSC) from the BLA in coronal brain slices 3-5 weeks after 

vector injection. shPTEN or shLuc infected neurons expressing YFP+ were detected by 
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epifluorescence. I found that shPTEN infected neurons showed a significant increase in 

mEPSC frequency (Figure 2.8 A and B; WT 1.18 ± 0.40 Hz, PTEN cKO 3.66 ± 1.01 Hz, p < 

0.030). The amplitude of mEPSC was also increased (Figure 2.8 C and D; WT 17.39 ± 1.03 

Hz, PTEN cKO 23.22 ± 2.6Hz, p < 0.046). Similar functional results have been published 

for dentate granule neurons with decreased PTEN (Luikart et al., 2011), supporting a 

conclusion of altered synaptic function due to PTEN knockdown. 

Lack of associated behavioral abnormalities following PTEN knockdown in a subset of 

BLA neurons 

Given previously published findings correlating increased functional spine 

density in the BLA with increased anxiety (Govindarajan et al., 2006), I sought to 

determine if the increase in mushroom spine density and corresponding increase in 

mEPSC frequency in the BLA alone would also correlate with increased anxiety.  In spite 

of significant alterations in the number of functional, mature synaptic spines, I observed 

no alterations in anxiety-related tasks including elevated plus maze, open field and 

dark/light box (Figure 2.9 A-C).  Similarly, no alterations in other behavioral tasks were 

observed including social interaction with a juvenile, fear conditioning, startle threshold, 

social interaction in an open field, and locomotor activity (Figure 2.9 D-H). 
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Figure 5 

Figure 8 

A 

Figure 9 

FIGURE 2.2 shPTEN and shLuc virus injections target the basolateral amygdala complex. A. 

Example image of bilateral infection of the BLA (outlined in red). B. A schematic of a coronal 

mouse brain section at -1.70 mm relative to bregma (adapted from Paxinos and Franklin (2001) 

with infection sight highlighted in green). C. Sections of virally infected BLA (sections separated 

by 180 µm) showing anterior-posterior spread of virus. E-G. Representative images of 

immunofluorescent staining of YFP (green) and NeuN (red). Images were taken within a virally 

infected region of the BLA and the number of NeuN+ and YFP+ cells were counted. D. 

Quantification of cell counts reported as the percentage of NeuN+ cells that were also YFP+. No 

difference between groups was observed using a student’s t-test. N = 5 for both shPTEN and 

shLuc infected slices. (ant = anterior; pos = posterior; scale bar in A = 1mm; scale bar in C = 500 

µm and applies to all images in panel C; scale bar in E = 60 µm and is applicable to E-G.) 
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FIGURE 2.3 shPTEN infected cells experience a robust decrease in PTEN expression and a 

resultant increase in phosphorylated AKT.  A-L are double immunofluorescent staining of YFP 

(green) PTEN (red). shPTEN infected cells show dramatic decrease in PTEN expression levels (A-C 

low power and G-I high power) while shLuc infected cells do not decrease PTEN expression (D-F 

low power and J-L high power). Arrows point to cells within or at the borders of the infected 

region that still express PTEN and are not YFP positive M-X are double immunofluorescent 

staining of YFP (green) and phosphorylated AKT (pAKT, red). shPTEN infected cells display 

upregulated levels of pAKT (M-O low power and S-U high power) while shLuc infected cells do 

not express significant levels of pAKT (P-R low power and V-X high power). Arrowheads point to 

individual cells that are double positive for YFP and pAKT. (Scale bar in A = 500 µm and is 

applicable to images A-F and M-R; scale bar in G = 100µm and applies to images G-L and S-X.) 
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FIGURE 2.4 Soma size and dendrite width are increased in shPTEN infected cells compared to 

shLuc infected cells in the BLA.  A and B. Representative images of shLuc (A) and shPTEN (B) 

infected neurons filled with the red  Fluor 568 fluorescent dye. C. Quantification of 3-dimensional 

soma size (µm3) was analyzed after 3-D reconstruction of neurons using Neurolucida. D and E. A 

Scholl analysis was performed on 3-D reconstructions of Alexa Fluor 568 filled neurons using 

concentric circles whose radii increase incrementally by 30 µm.  There was no difference in 

length of dendrites (D) or intersections of dendrites with concentric circles (E). F. Dendrite 

diameter was measured in 10 µm increments. One dendritic segment was pseudo-randomly 

chosen and measured for each neuron at each distance. (N=17 shLuc infected neurons and N=16 

shPTEN infected neurons; Scale bar in A = 100 µm and is applicable to A and B; *** - p<0.001; n.s. 

– not significant) 
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FIGURE 2.5 Mushroom spine head diameter is significantly increased in the shPTEN infected 

neurons. A-D. Representative images of Alexa Fluor 568 filled dendritic segments from shLuc 

infected (A and B) and shPTEN infected (C and D) neurons at 30 µm and 50 µm away from the 

cell body. E. Average spine head diameter is increased in shPTEN infected neurons compared to 

shLuc infected neurons. A detailed analysis of spine subtypes reveals that this increased spine 

head diameter is due to an increase in mushroom spine head diameter (D) while stubby spines 

(E) and thin protrusions (F) show no increase in spine head diameter. (N=17 shLuc infected 

neurons and N=16 shPTEN infected neurons. Scale bar in A = 2.5 µm and is applicable to A-D. n.s. 

– not significant) 
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FIGURE 2.6 Fraction of mushroom spines is increased in shPTEN infected cells. A. Spine density 

is decreased in more distal dendrite segments. B-D. An analysis of spine subtypes reveals that 

although thin protrusions (C) and stubby spines (D) account for the decrease in total spine 

density, mushroom spine density (B) is significantly increased. E. There is a significant shift 

toward an increased fraction of mushroom spine density, particularly in the more proximal 

dendrite segments. F. The total mushroom spine density fraction including all distances from the 

cell body is increased in the shPTEN infected neurons compared to controls. (N=17 shLuc 

infected neurons and N=16 shPTEN infected neurons; ***, p<0.001) 
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FIGURE 2.7 Conditional PTEN KO mice selective for the dentate gyrus granule neurons have 

increased mushroom spine head diameter and an increase in the mushroom spine fraction 

with no change in total spine density. A and B. Representative images of Lucifer Yellow filled WT 

(A) and PTEN-cKO (B) dentate gyrus granule neuron dendritic segments taken 20-50 µm from the 

dentate gyrus cell body layer. C. Diameter of the dendritic segments used for spine analysis. D. 

Average spine head diameter of all spine types, mushroom spines, thin protrusions and stubby 

spines. E. Spine density of all spines, mushroom spines, thin protrusions and stubby spines. F. 

Quantification of the mushroom spine fraction. (N=17 for both WT and PTEN-cKO neurons; **, p 

< 0.01; ***, p < 0.001; ****, p < 0.0001; Scale bar in A = 10 µm and is applicable to A and B) 
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FIGURE 2.8 shPTEN infected neurons show increased miniature EPSC amplitude and frequency.   

Top. A and B. Representative traces from shLuc and shPTEN mEPSC recordings.  C. Increased 

amplitude of mEPSCs in shPTEN compared to shLuc infected BLA neurons.  D.  Increased mEPSC 

frequency in shPTEN compared to shLuc infected BLA neurons. (*, P<0.05, N=11 shLuc and N=10 

shPTEN) 

A B 

C D 
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FIGURE 2.9 shPTEN injected mice do not show behavioral phenotypes three weeks post-
injection. No difference was observed between shPTEN and shLuc injected mice in three tests of 
anxiety: elevated plus maze (A), open field (B) and dark/light box (C). Additionally, no differences 
were observed in social interaction with a juvenile (D), both contextual and cued fear 
conditioning (E), startle threshold (F), social interaction in the open field (G) and locomotion (H). 
(N=12 shLuc mice and N=15 shPTEN mice) 
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Chapter 2, Section 3 

Conclusions and Future Directions 

 

Previous work by my lab and others reported that loss of PTEN from DG granule 

neurons causes neuronal hypertrophy and increased spine density (Kwon et al., 2001, 

Kwon et al., 2006, Luikart et al., 2011). Loss of PTEN induces upregulation of pAKT and 

its downstream targets including mTOR. Inhibiting mTOR reversed the neuronal and 

synaptic effects of PTEN deletion in DG granule neurons (Kwon et al., 2003, Zhou et al., 

2009). Additionally, PTEN knockdown increases mEPSC frequency and amplitude in 

dentate gyrus granule neurons (Luikart et al., 2011).  In accordance with these reports, I 

found neuronal hypertrophy in BLA neurons after virally-mediated PTEN knockdown, 

measured as increased soma size and dendritic caliber (Figure 2.4 C and F). Thus, many 

of my findings support and extend previous work on PTEN in the brain.  Moreover, I 

extended previous findings to include increased diameter of mushroom spine heads 

(Figure 2.5 F-G).   

In contrast to previous reports, however, my data suggest that PTEN knockdown 

in neurons does not increase total spine density, but instead induces a shift in the 

mushroom:thin ratio such that the density of mushroom spines are increased while thin 

protrusion density is decreased in distal dendritic segments (Figure 2.6). In my analysis 

of spine morphology, I made no distinction between thin spines and filapodia leaving 

room to question whether one or both of those categories of protrusions were 
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decreasing after PTEN knockdown. Nevertheless, my findings were strengthened after I 

obtained similar results in a second brain region using cre recombination for PTEN 

knockdown and imaging spines in older mice: 6 months of age.  

Interestingly, I still observed an increase in spontaneous synaptic activity in 

shPTEN infected BLA neurons in spite of a decrease in total spine density at more distal 

segments (Figure 2.8).  The increased mEPSC frequency is most parsimoniously 

explained by increased density of mushroom spines, thought to represent more 

mature/active synapses (Bourne and Harris, 2007), relative to thin protrusion density. 

My data suggest that upregulation of the PI3K/AKT/mTOR pathway does not increase 

spine density, but instead increases the fraction of functional synapses in the BLA. 

Since most studies examining the effects of PTEN knockdown on spine density 

were done in dentate gyrus (Kwon et al., 2001, Kwon et al., 2006, Luikart et al., 2011), 

one explanation for my novel findings could be that DG and BLA respond differently to 

PTEN knockdown. Alternatively, my results could be explained by a difference in spine 

imaging technique. Previous studies used Golgi staining and light microscopy 

(Govindarajan et al., 2006, Kwon et al., 2006) or confocal imaging of virally expressed 

GFP (Luikart et al., 2011). Light microscopy is low resolution, and GFP expression may 

not be concentrated enough in small spines, or there may be significant background 

signal due to many cells expressing GFP. In addition, imaging spines after Golgi staining 

using light microscopy prevents the observation of spines in front of or behind the 

dendrite, decreasing the observed total spine density. With a smaller total density it 
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would be more difficult to identify subtle changes in spine density across groups. Cell 

filling, however, allows for good intensity of fluorescent dye in spines and throughout 

the dendrites while producing little to no background from surrounding cells allowing 

for improved resolution.  These differences in imaging technique and resolution would 

allow better detection of thin protrusions.  Using methods with a decreased detection of 

thin protrusions, it would appear as though PTEN knockdown induced an increase in 

total spine density, while in reality no change or even a decrease had occurred. 

To examine these alternative explanations, I measured spine density in DG 

granule neurons in PTEN cKO mice using the cell-fill approach.  PTEN knockdown in DG 

decreased thin protrusion density and increased mushroom spine density without 

changing total spine density (Figure 2.7 E-F). The similar results in the DG and BLA using 

two different approaches for knocking down PTEN supports the hypothesis that cell 

filling techniques allow for better visualization of small spines and more accurate 

measurement of PTEN’s effects on spine density/function.  Overall, these data imply 

that loss of PTEN has similar effects on spine density and morphology in the DG and BLA 

neurons, and that in order to observe this shift from mushroom spines to thin 

protrusions, one must be able to image the smaller thin protrusions which may be 

missed with other techniques. 

Similar to studies in the hippocampus (Luikart et al., 2011), I demonstrated that 

knockdown of PTEN in BLA causes an increase in the frequency and amplitude of 

mEPSCs. As pointed out above, although I saw no indication suggesting an increase in 
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the total number of synapses after PTEN knockdown, there was an important increase in 

the relative number and size of mushroom spines all along the dendritic arborization.  

Mushroom spines are thought to be more active than thin protrusions (Fiala et al., 

2002). Interestingly, spine head volume correlate with the size of the presynaptic readily 

releasable pool and with the number of docked-vesicles (Dobrunz and Stevens, 1997, 

Harris and Stevens, 1989), which could affect the frequency of mEPSCs. Furthermore, 

the size of dendritic spines is also correlated with the area of the postsynaptic density 

and the number of glutamatergic receptors at the synapse (Harris and Stevens, 1989, 

Nusser et al., 1998, Arellano et al., 2007). This is consistent with the increase in mEPSC 

amplitude shown here after knockdown of PTEN, or with a similar outcome due to an 

increase in surface expression of AMPA receptors after leptin-induced PTEN inhibition 

(Moult et al., 2010). Thus, the increase in frequency and amplitude in mEPSC observed 

after knockdown of PTEN in BLA are likely caused by an increase in the number, 

diameter, and the associated functional properties of the “more mature” mushroom-

type of synapse. 

In addition to the neuronal and synaptic effects of BDNF overexpression, 

Govindarajan, et al. (2006) also demonstrated that BDNF overexpression in the mouse 

forebrain, including the BLA, causes anxiogenesis. Because the amygdala is part of the 

circuitry known to regulate fear and anxiety, I hypothesized that decreased PTEN in the 

BLA, which causes similar neuronal and synaptic changes as BDNF overexpression, 

would lead to increased anxiety-like phenotypes. However, in the elevated plus maze, 
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dark/light, and open field tasks I found no changes in behavior. Thus, the findings of 

neuronal hypertrophy, shifting of spine subtypes, and increased mEPSC frequency and 

amplitude in the BLA after knockdown of PTEN do not correlate with induction of 

anxiety-like behavioral abnormalities in these tasks. One possibility is that I did not 

infect a sufficient number of neurons in the BLA to induce a behavioral phenotype. On 

the other hand, the observed neuronal and synaptic changes in the BLA alone may not 

be sufficient to induce behavioral phenotypes.  Thus, it remains unresolved whether 

PTEN knockdown in the BLA can lead to changes in anxiety-related behavior similar to 

those observed following chronic stress and in the BDNF overexpressing mice. 

PTEN mutations have been implicated in human autism (Boccone et al., 2006, 

Butler et al., 2005, Buxbaum et al., 2007, Goffin et al., 2001, Herman et al., 2007, 

McBride et al., 2010, Orrico et al., 2009, Stein et al., 2010, Varga et al., 2009, Zori et al., 

1998), and PTEN conditional knockout limited to the cortex and hippocampus results in 

alterations in social interaction, an effect that can be reversed by mTOR inhibition 

(Kwon et al., 2006, Zhou et al., 2009).  In the present study, I assessed whether PTEN 

knockdown isolated to the BLA could result in social behavior abnormalities.  

Interestingly, I found no alterations in locomotor activity, social interaction with a 

juvenile, social interaction in an open field, startle threshold, fear conditioning, or 

footshock threshold in mice treated with shPTEN in the bilateral BLA.  These findings 

support the conclusion that the social and anxiety phenotypes observed in the PTEN 
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conditional KO mice (Kwon et al., 2006, Zhou et al., 2009) are subserved largely by loss 

of PTEN in hippocampus or cortex. 

In summary, my findings support a novel role for PTEN in modulation of spine 

morphology.  My data suggest that the mechanism leading to increased synaptic activity 

after PTEN knockdown is not increased total spine density. Instead, my data implicate 

the PTEN/PI3K/AKT/mTOR pathway as an inducer of synaptic maturation by shifting the 

mushroom:thin ratio in favor of mushroom spines without dramatically altering total 

spine density. It seems most likely that loss of PTEN results in conversion of thin 

protrusions into mature, functional mushroom spines. I cannot rule out, however, that 

this shift is occurring via de novo mushroom spine formation with concurrent pruning of 

the thin protrusion population.  Given the disease processes for which the 

PTEN/AKT/mTOR pathway has been implicated, including autism (Butler et al., 2005, 

Buxbaum et al., 2007) and some forms of cancer (Li et al., 1997, Steck et al., 1997), 

understanding the role of this pathway in neuronal and synaptic growth and maturation 

is vital to understanding the pathophysiology of these disorders.  
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Chapter 3 

Two Approaches to Selective Knockdown 
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The Two Approaches 

 In the previous two chapters I discussed my findings regarding the alteration of 

two very different mechanisms affecting synaptic function within selected regions of the 

mouse brain. In Chapter 1 synapses were altered principally in CA3, DG and cerebellum 

by eliminating RIM1, a protein that is fundamental to the neurotransmitter release 

machinery. In Chapter 2, synaptic function was altered in the BLA by knocking down 

PTEN, a key regulator of the PI3K/AKT signaling pathway, which led to significant 

structural changes in synaptic spines and affected spontaneous neurotransmission. In 

both cases there is a change in synaptic function that presumably alters the manner in 

which the affected neurons communicate with and adapt to their circuits and ultimately 

how the circuit performs its function. And though some behavioral phenotypes were 

observed in the fRIM1/cre+ mouse lines, so little is known regarding how changes in 

synaptic function in specific brain regions lead to observed behavioral phenotypes. 

Many labs are working on this very broad and complex question.  

 The previous two chapters are also contrasted by the experimental techniques 

used to decrease expression of a particular protein at selected regions in the mouse 

brain. In the case of RIM1, transgenic mice were engineered to eliminate RIM1 from 

target proteins during development. In the PTEN study, I used shRNA expressing AAV to 

infect neurons and knockdown PTEN in adult mice. There are advantages and 

disadvantages to both of these techniques that are worth exploring and understanding 

so that future studies might be more efficiently executed. 
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Cre-Lox Transgenic Mice 

 With the advent of Cre-Lox recombination technology, huge leaps were taken in 

many fields. It is an extremely adaptable system that functions in many animal models 

and can be made more sophisticated (and more complicated) if necessary to target 

specific cell populations in space and time. Furthermore, cells within a given population 

will utilize similar promoter sequences with great reliability, such that extremely high 

percentages of cells within a population will express cre under a specific promoter, 

while neighboring or even overlapping cell populations will not. This allows for 

dissection of the nervous system by function or at least by gene expression without 

respecting spatial and temporal boundaries; something other scientific methods 

struggle to do. Additionally, cre-lox systems in combination with conditionally expressed 

fluorescent proteins allow researchers to visualize and study targeted cells before and 

after genetic manipulation in new, creative and extremely convenient ways. 

 In this system, scientific advancement is accelerated because one lab can 

generate a conditional (floxed) allele for a gene of interest and then eliminate the 

targeted gene using a variety of cre recombinase driver lines. This was the chosen 

strategy in the RIM1 study. I combined the fRIM1 mouse with 3 different cre driver lines 

hoping to understand RIM1’s role at different but specific neuron populations. Prior to 

crossing the fRIM1 mice to the cre driver lines, I crossed the cre drivers to a ROSA-YFP 

reporter mouse and found that these cre drivers were fairly specific for the cells of 

interest. This however is where some of the cre-lox system’s stumbling blocks appear. 
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 Though a cre recombinase transgenic mouse line may have a great deal of 

specificity when crossed to a ROSA-YFP reporter mouse, there are still question marks 

that need to be addressed regarding the temporal and spatial expression of cre 

recombinase in the experimental model of choice. For instance, changes in genetic 

background, the presence of other transgenes, or even the location of the transgene 

within the genome can alter cre recombinase expression patterns in unpredictable but 

consequential ways. Thus, no matter how specific cre recombinase expression appears 

in a ROSA-YFP reporter mouse, the honest scientist must then validate proper cre 

expression and subsequent loss of target gene in his chosen experimental model. 

Fortunately, there are a variety of techniques one can use for that purpose including 

qRT-PCR, in situ hybridization, immunohistochemistry, Western blots, etc.  

Another limitation of the ROSA-YFP reporter mice is that they only provide 

information regarding living cells that have at some point in development undergone 

recombination. Thus, in order to understand when during development recombination 

actually occurred, one must analyze YFP expression at many stages during development, 

both pre- and post-natally. 

There is another important flaw in the cre-lox system that must be addressed 

before conclusions can be drawn. In some mouse lines, for reasons not completely 

understood, cre recombinase expression turns on in a subset of mice in the germ cell, or 

early during development. This occurs randomly, though with a fairly predictable rate of 

incidence. This was the case for all 3 of the fRIM1/cre+ mouse lines. By including in the 
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genotyping protocol primers that would detect, WT, floxed (fRIM1) and/or recombined 

(RXX) Rim1 alleles, I found that within the tail DNA of all 3 mouse lines recombination 

was occurring at an alarming rate (Table 3.1 Results for fRIM1/POMC-cre are shown but 

mimic the other 2 mouse lines). In order to detect whether mice possessing the RXX 

allele in their tail DNA also had a decrease in RIM1 transcripts in their brain, I performed 

qRT-PCR on Cerebellum, Cortex, DG, CA1 and CA3 from the fRIM1/POMC-cre+, 

fRIM1/RXX/POMC-cre+ and RXX/RXX/POMC-cre+ mice (Figure 3.1). I found that both 

groups possessing RXX alleles in their tail DNA had significant decreases in RIM1 

transcripts in 4 out of 5 brain regions tests. As a result, I was forced to abandon the 

fRIM1/DLX-cre line altogether (because an RXX allele was detected in all but 1 of the 

hundreds of fRIM1/DLX-cre+ mice) and was severely limited in the number of littermate 

pairs I could utilize from the fRIM1/POMC-cre and fRIM1/KA-cre crosses. 

 In summary, cre-lox systems have the potential for exquisite specificity for very 

unique cell types, but the aforementioned issues must be addressed in order to make 

definitive statements about any results obtained. And addressing those issues may 

reveal limitations of a particular experimental system that restricts the conclusions 

drawn from any experimental findings. 

Virally Expressed shRNA 

 An alternative to the cre-lox system for targeting specific cell populations is viral 

injection and expression of genes of interest. This approach has many benefits including 

temporal control of the desired genetic manipulation and flexibility in the duration, 

quantity and type of gene expressed. It is also much easier to generate variants of virally 
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expressed genes than it is to create new transgenic mice. Finally, with this approach one 

can ensure that there is normal development prior to inducing whatever genetic 

manipulation is preferred. 

 In the PTEN knockdown study, an Adeno-Associated Virus (AAV) was used to 

express shRNA fragments that would target PTEN transcripts and eliminate them. AAV 

has the advantage that once expression of the gene of interest begins it continues 

undiminished for months in the adult mouse. Though it may take up to 2 weeks for 

expression to begin, this time provides the mouse an opportunity to recover from the 

surgery prior to beginning behavioral tests. Other viruses have different timing of gene 

expression. Herpes Simplex Virus (HSV) starts expressing within a couple of days, but is 

transient and gene expression diminished dramatically within 1 week. Another common 

virus used for this purpose is the Lentivirus which has the advantage of being able to 

carry much larger genetic constructs and though takes longer to initiate expression of 

genes, that expression is long-term and stable. Additionally, viruses have different 

serotypes that infect specific cell types. For example, the shPTEN expressing virus used 

in this report is an AAV-serotype 2 and targets neurons, thus injection of the virus into 

the BLA allows for infection of neurons without infection of local glial cells. 

 There are however some significant challenges with viral approaches as well. 

Perhaps the most significant challenge faced in my experiments was that spread of the 

virus as it leaves the syringe can be difficult to control. Usually, the virus will spread in all 

directions in a spherical pattern. Typically, the slower the infusion rate, the less spread 
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observed. However, like all things, the virus tends to travel the path of least resistance 

which may include the injection tract itself, or along borders created by the normal 

brain architecture. Furthermore, the targeted brain structures or nuclei are not always 

spherical or may be anatomically small and thus some amount of spillover into 

neighboring structures is expected. It is also challenging to infect a large percentage of 

the cells in the targeted region without overwhelming the tissue with virus.  

 The AAV-shPTEN injections were faced with most of these challenges and as a 

result the amount of virus injected was decreased so that it would not spread beyond 

the BLA. However, this caused a drop in the percentage of total BLA neurons that were 

infected which may be the cause for the lack of behavioral effects in these mice. 

 One possible approach to knocking down a gene in a spatially and temporally 

selective manner while circumventing many of the challenges faced by both cre-lox 

systems and viral delivery methods would be to combine the two approaches. For 

instance, it may be possible to inject a lentivirus (that integrates the target genes into 

the host cell genome), which contains a conditional shRNA construct that is regulated by 

a stop sequence flanked on either side by loxP sites, into a transgenic mouse that 

expresses cre recombinase in the preferred cell type or region. With such a method, one 

could theoretically inject large amounts of virus into the target region without worrying 

about spillover effects. Furthermore, ectopic expression of cre recombinase would be 

virtually irrelevant as only the region with viral infection would be affected by the 

shRNA product. This approach would also provide the benefit of normal mouse 
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development. Finally, this combined approach would allow a very quick study because 

1) there would be no crossing of the cre driver lines and conditional floxed mice, 2) 

there would be no need for genotyping if mice homozygous for the cre transgene were 

used, 3) multiple cre driver lines could be injected at the same time, and 4) since viruses 

can be constructed to bicistronically express YFP, it would be easy to validate the exact 

cells that have been targeted by the virus. 
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fRIM1/fRIM1 x fRIM1/WT/POMC-cre+ 

Expected 
Genotypes 

Expected 
Yield 

Actual 
Yield 

Unexpected 
Genotypes 

Expected 
Yield 

Actual 
Yield 

fRIM1/fRIM1 
POMC-cre+ 

25% 4.8% 
fRIM1/RXX 
POMC-cre+ 

0% 13.9% 

fRIM1/fRIM1 
POMC-cre- 

25% 21.6% 
RXX/RXX 

POMC-cre+ 
0% 12.1% 

fRIM1/WT 
POMC-cre+ 

25% 7.8% 
fRIM1/RXX/WT 

POMC-cre+ 
0% 8.7% 

fRIM1/WT 
POMC-cre- 

25% 19.9% 
WT/RXX 

POMC-cre+ 
0% 8.2% 

 

  

TABLE 3.1 Incidence of all possible genotypes from the fRIM1/fRIM1 X fRIM1/WT/POMC-cre+ 

cross. The groups of mice within the red outlined area are the genotypes used for experimental 

and control groups. Percentages shown in red are groups with significant decrease in actual yield 

compared to expected yield calculated with a Chi Square statistical test (p < 0.05). The two 

groups with a significant decrease in yield are those that posses the POMC-cre transgene. 
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FIGURE 3.1 POMC-cre+ mice that posses RIM1 RXX alleles in their tail DNA show 

significant decrease in RIM1 transcripts in their brain. Mice possessing the 

recombined RIM1 allele (RXX) have significant decrease in RIM1 transcripts in 4 of 5 

locations in the brain, whereas the fRIM1/cre+ mouse only shows decrease in the DG 

and cerebellum as expected. (*, p < 0.05 using a one sample t-test; N = 6 mice per 

group) 
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