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ABSTRACT 

During the process of learning and memory, neuronal synapses undergo 

changes involving gene expression, protein synthesis, and cytoarchitectural 

remodeling, referred to as synaptic plasticity. Changes in the morphology of 

synapses are necessary for learning and memory storage, and require the 

rearrangement of the actin cytoskeleton at dendrites and actin rich dendritic 

spines which are the loci excitatory of synaptic transmission in the central 

nervous system. Rac1, a protein of the Rho subfamily of GTP binding proteins 

(GTPases), is largely known for its involvement in cytoskeleton remodeling, and 

has been implicated in neuronal development, participating in the morphological 

changes required for migration of newborn neurons to characteristic locations, 

extension of axons and dendrites into proper target regions, and formation of 

synapses with appropriate partners. However, the functional role of Rac1 in adult 

neuronal signaling has been relatively unclear.  

Our laboratory previously demonstrated that that Rac1 is highly expressed 

in the adult mouse hippocampus, a part of the brain, which is very crucial for 

memory acquisition. In vitro studies in hippocampal slices indicated that 

activation of the hippocampal N-methyl-D-aspartate (NMDA) receptor, the 

receptor that was modified to produce the “smart mouse” results in membrane 

translocation and activation of Rac1. Moreover, our laboratory has observed that 
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translocation and activation of Rac1 are associated with fear learning in the adult 

mice. The purpose of this study was to examine whether Rac1 is required for 

regulation of the cytoskeletal dynamics leading to morphological plasticity 

observed at neuronal synapses during hippocampal learning and memory.  

  To evaluate the importance of Rac1 in plasticity and learning we 

generated a mouse bearing a conditional inactivation of the rac1 gene in the 

hippocampus (referred herein as Rac1 knockouts [KO] or mutants) using the 

Cre/LoxP system. We showed that the disappearance of Rac1 in the Rac1 knock 

out (KO) is time dependent, with a 16% significant decrease at two months and 

90% at six months as compared to their wild type (WT) littermates. No 

differences in protein levels were observed between the wild type and 

heterozygous littermates. Next, we studied neuronal morphology in hippocampal 

slices using the rapid Golgi-Cox technique to determine whether Rac1 was 

necessary for the neuroanatomical and cytoarchitectural changes associated 

with synaptic plasticity in the adult mice. We showed that loss of Rac1 leads to a 

significant reduction in spine density in Rac1 mutant mice as compared to the 

wild type controls. In an attempt to correlate this effect with an alteration in the 

actin dynamics pathway, we performed Western blot analysis, which showed in 

the Rac1 mutant significant reduction in p-PAK-1, p-LIMK-1 and p-Cofilin-1, all 

proteins downstream of Rac1 and essential for cytoskeletal rearrangements 

leading to dendritic spine development. In order to evaluate the involvement of 
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Rac1 in long term synaptic plasticity (LTP and LTD), hippocampal slices from 

age matched wild type and Rac1 mutant were given high frequency stimulation 

(HFS) to generate LTP and low frequency stimulation (LFS) to induce LTD. Rac1 

deficient mice showed impaired LTP and LTD as compared to their littermate 

controls. Furthermore, to assess whether Rac1 is associated with, and necessary 

for hippocampus-dependent learning and memory in the intact animal, Rac1 

mutant mice and their littermate controls were examined in a battery of 

behavioral tests beginning with six control tests namely, the Open Field Activity, 

Rotating Rod, Pre-pulse Inhibition of Startle Response, Hot Plate test, Light-dark, 

Elevated Plus Maze, and ending with two learning and memory tests, the Morris 

Water Maze and Fear conditioning paradigm. Rac1 deficient mice showed the 

same performance as the wild type and the heterozygotes in control tests, 

however, they showed impaired learning in the learning and memory tests. 

Collectively, these data suggest that Rac1 is an important protein required for 

proper dendritic spine morphogenesis, long-term synaptic plasticity, as well as 

learning and memory. These phenomena are abnormal in some autistic 

disorders, making Rac1 an interesting target in the study of these diseases. 
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1. INTRODUCTION AND STATEMENT OF THE PROBLEM 

1.1 Introduction 

 Learning and memory are two terms that are frequently used in the 

literature, but to date there is no common consensus about their definations. In 

the context of this study, learning will be defined as the acquisition of an altered 

behavioral response due to an environmental stimulus; and memory, as the 

process through which learnt information is stored (Sweatt, 2003, 2010; Ted and 

Lattal, 2001). Memory is measured by changes in an animal’s behavior sometime 

after learning. Learning and memory form the basis by which individuals adapt 

their behavior to particular external circumstances (Sherwood, 2007). During 

learning and memory processes, neuronal synapses change according to the 

demands placed on them (Tsien et al., 1996b; Malenka,  2003; Lynch, 2004). 

Changes in the strength of connections between neurons is known as synaptic 

plasticity, and is widely believed to be the mechanism by which learning and 

memory take place in the central nervous system (Martin et al., 2000).  

 The theoretical foundation for the concept of synaptic plasticity in relation 

to learning and memory was developed progressively over a long period of time 

by neuroscientists such as Tanzi (1893), Cajal (1894), Sherrington (1906) and 

Konorski (1948). Each contributed in their own distinct way using the technology 

of their time and expertise of their respective areas of concentration, but were 

nevertheless able to establish the key fundamentals of synaptic plasticity in the 
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central nervous system (CNS). In line with this frame of thinking, Hebb (1949) 

postulated Hebb’s rule, which states that “learning and memory are based on 

modifications of synaptic strength among neurons that are simultaneously 

active”. This theoretical perspective has since been supported by substantial and 

tangible experimental data following the discovery of Long-Term Potentiation 

(LTP), an artificial form of plasticity that is produced in neurons by electrical 

stimulation of synaptic input pathways (Bliss and Lomo, 1973; Kandel and 

Schwartz, 1982; McNaughton et al., 1986; McNaughton and Morris, 1987; Bliss 

and Collingridge, 1993; Morris and Frey, 1997). Further support to Hebb’s theory 

came when a genetic manipulation of the N-methyl-D-aspartic acid (NMDA) 

receptor (which was  proposed as the synaptic coincidence detector between two 

active neurons) enhanced memory in mice that were labeled as “Smart Mice” 

(Bourne and Nicoll, 1993; Bliss and Collingridge, 1993; Bear and Malenka, 1994; 

Stevens and Sullivan, 1998; Tang et al., 1999; Tsien, 2000). These scientific-

based pieces of evidence, together with the proposed theories were summed up 

by Martin et al. (2000), who proposed the synaptic plasticity and memory 

hypothesis. This hypothesis states that “Activity-dependent synaptic plasticity is 

induced at appropriate synapses during memory formation, and is both 

necessary and sufficient for the information storage underlying the type of 

memory mediated by the brain area in which that plasticity is observed”. Today, 
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the role of synaptic plasticity in learning and memory has become a central issue 

in neuroscience research. 

 Synaptic plasticity requires modification of existing synaptic proteins, 

(particularly AMPA [alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid] 

receptor cycling [Shi et al., 1999; Lee et al., 2003; Takahashi et al., 2003]), gene 

expression, and synthesis of new proteins (Davis and Squire, 1984; Goelet et al., 

1986; Kandel, 2001). Such molecular changes are termed functional plasticity. 

Structural changes in synaptic morphology, occurring either because of protein 

synthesis or in parallel with protein synthesis, are also necessary for synaptic 

plasticity (Lamprecht and LeDoux, 2004). This type of plasticity is called 

structural plasticity. An important component of structural plasticity is dendritic 

spine morphogenesis, that is, changes in dendritic spine shape, size, and 

number (Jones et al., 2009). These changes result in the formation of new 

neuronal pathways through development of new connections between existing 

neurons as opposed to formation of new neurons (Sherwood, 2007). Wong and 

Ghosh (2002), report that neuronal activity significantly affects the development 

and structure of dendrites and dendritic spines. In fact, actin rich dendritic spines 

receive input from the majority of the excitatory synapses in the central nervous 

system (Harris, 1999; Nimchinsky et al., 2002; Bourne and Harris, 2008). 

Accordingly, dendritic spine morphogenesis requires a very dynamic actin 

cytoskeleton to drive the process of actin polymerization (Calabrese, 2006).  
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The Rho family of small GTPases, and especially one of its members, 

Rac1 (Ras related C3 botulinum toxin substrate 1), is well known for its role in 

the regulation of cytoskeletal organization (Hall, 1998). Although Rac1 has been 

studied extensively as a signaling molecule in many cell types, its importance in 

the field of neuroscience has been relatively under investigated. However, it is 

important to note that recent findings are beginning to elucidate its role in 

neuronal activity and signaling.  

One of the major roles of Rac1 in many types of cells including neurons, is 

the regulation of actin (Ridley and Hall, 1992; Luo, 2000).  Dendrites are the most 

important input apparatus of the neuron because most of the synapses are 

located there (Gao et al. 2007; Lorenza and Salinas 2007). Furthermore, change 

in number and morphology of dendrites and dendritic spines seems to correlate 

well with synaptic plasticity and memory (Nimchinsky et al., 2002; Lamprecht and 

LeDoux, 2004). In fact, a significant body of evidence indicates that several 

neurological and psychiatric disorders exhibit dendritic spine abnormalities 

(Ferrer and Gullotta, 1990; Scott et al., 2000; Lanz et al., 2003; Calabrese et al., 

2006). 
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1.2 Statement of the problem 

During learning and memory functions, there is a rearrangement of the 

actin cytoskeleton in dendrites and dendritic spines. However, whether Rac1 is 

associated and necessary for this process, remains unclear. Previously in our 

laboratory we have found that Rac1 is highly expressed in the adult mouse 

hippocampus (Tejada-Simon et al., 2005; Tejada-Simon et al., 2006), a brain 

region crucial for the acquisition of memories (Scoville and Miller, 1957). 

Activation of the N-methyl-D-aspartic acid (NMDA) receptor in hippocampal 

slices causes Rac1 to translocate to the membrane and become activated 

(Tejada-Simon et al., 2006) in a manner similar to that observed in phagocytic 

cells (Castellano et al., 2000). We have also found that translocation and 

activation of Rac1 occurs during associative contextual fear learning in the 

hippocampus of adult mice (Martinez et al., 2007). Thus examining the role of 

Rac1 in synaptic plasticity, as well as learning and memory processes, is critical. 

This information could help unravel the signaling mechanisms that underlie 

diseases involving memory impairment. Therefore, in this Dissertation, we tested 

the hypothesis that Rac1 is an important protein required for synaptic 

plasticity and involved in the morphological changes observed at neuronal 

synapses during hippocampal learning and memory. 

 Our first approach was to generate a mouse model bearing a conditional 

inactivation of the rac1 gene in the hippocampus using the Cre/LoxP system 
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(Sauer and Henderson, 1988). Rac1flox line (Rac1tm1Djk/J; Walmsley et al., 2003) 

and Cre T29-1 line (Tsien et al., 1996) were crossed to create a genetically 

modified mouse with Rac1 deficiency in the hippocampus. Next, we used this 

mutant mouse to test the hypothesis that Rac1 is involved in the neuroanatomical 

and cytoarchitectural changes associated with synaptic plasticity in the adult 

mice. Neuronal morphology in hippocampal slices was studied using the rapid 

Golgi-Cox technique to determine whether Rac1 was necessary for normal 

dendrite and dendritic spine development. This study was compared with certain 

electrophysiological measurements that revealed a critical role for Rac1 in long-

term potentiation (LTP) and long-term depression (LTD). Finally, we used the 

Rac1 mutant mouse, to evaluate whether Rac1 was associated with, and 

necessary for hippocampus-dependent learning and memory in the intact animal. 

We used two hippocampal dependent behavioral paradigms: Morris Water Maze 

(MWM) and Fear Conditioning tests. 
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1.3 Significance of the study 

 Although much is known about the role of Rac1 in the regulation of the actin 

cytoskeleton in many cell types and diseases such as cancer, little is known 

about its role in normal adult neuronal function. To the best of our knowledge, 

this present study is one of the few investigations that looked at temporal and 

spatial regulation of Rac1 in synaptic plasticity linking it to learning and memory 

in adult mice. The information obtained from the present study will be important 

for the understanding of signaling mechanisms underlying spine formation and 

maintenance, hippocampal LTP and hippocampus-dependent learning and 

memory. Furthermore, results obtained might provide insights into the molecular 

basis of cognitive disorders associated with dendritic spine abnormalities such as 

Down syndrome, non-syndromic X-linked mental retardation (MRX), Fragile X 

mental retardation (FXS), Alzheimer’s disease (AD), William’s syndrome, 

Angelman syndrome (AS), forebrain ischemia, and schizophrenia. 
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2. REVIEW OF LITERATURE 

2.1 Synaptic plasticity, learning, and memory 

Brain cells communicate with each other through a network of synaptic 

connections, which can get modified during learning and memory processes, 

based on demands placed on them (Tsien et al., 1996b; Malenka 2003; Lynch 

2004; Sherwood, 2007). Such modifications portray the ability of synapses to 

change in strength thereby altering the communication between neurons. The 

strengthening and weakening of appropriate synapses to facilitate constant 

learning and adaptation to an ever-changing environment is known as synaptic 

plasticity. The word plasticity has been employed in this respect, to denote the 

ability of the neuronal synapse to be molded, similar to plastics polymers, which 

can be easily remodeled into different shapes. The unifying theory in 

neuroscience research today is that synaptic plasticity is essential for maintaining 

learning and memory (Martin et al., 2000; Pastalkova et al., 2006; Derkach et al., 

2007). This theory stems from Hebb’s rule (1949) which states that “learning and 

memory are based on modifications of synaptic strength among neurons that are 

simultaneously active”. Neuronal plasticity is, regarded as the bedrock for 

complex brain activities, which in effect define one’s intellectual ability and 

behavior (Kandel, 2000).  

Synaptic plasticity is composed of two main temporal phases commonly 

referred to as short-term and long-term plasticity, with each showing very 
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distinctive molecular pathways (Jiang and Schuman, 2002). Transient forms of 

synaptic plasticity are said to correlate with short-lasting forms of memory while 

more lasting changes are thought to play important roles in the construction of 

long-term forms of memory (Malenka, 2003). The molecular mechanisms for 

short-term plasticity mainly rely on the modification of pre-existing synaptic 

proteins (Goelet et al., 1986), such as protein kinases. Modified protein kinases 

in turn cause changes in synaptic proteins that are involved in the maintenance 

of plasticity such as AMPA receptors and their redistribution (Shi et al., 1999; Lee 

et al., 2003; Takahashi et al., 2003). Short-term plasticity lasts for milliseconds to 

several minutes, and is thought to play an important role in short-lasting forms of 

memory (Citri and Malenka, 2007). Long-term synaptic plasticity on the other 

hand requires the expression of new genes and synthesis of new proteins in the 

postsynaptic neuron (Davis and Squire, 1984; Goelet et al., 1986, Kandel, 2001). 

Evidence of local protein synthesis at synaptic sites during long-term synaptic 

plasticity, has been provided through studies by several groups (Steward and 

Levy, 1982; Tiedge and Brosius, 1996; Gardiol et al., 1999; Pierce et al., 2000; 

Steward and Schuman, 2001). Altogether, these molecular mechanisms are 

thought to mediate changes in the functional connectivity between neurons, also 

referred to as functional plasticity (Kalantzis and Shouval, 2009).  

 In addition to these functional changes, synaptic plasticity also produces 

morphological changes at the level of synaptic dendritic spines, changes that 
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actually account for observed plasticity (Kalantzis and Shouval, 2009). 

Morphological changes, also known as structural plasticity, are very necessary 

for functional plasticity and occur either as a result of protein synthesis or in 

parallel with protein synthesis (Lamprecht and LeDoux, 2004). An important 

component of structural plasticity is dendritic spine morphogenesis, that is, 

changes in dendritic spine shape, size, and number (Jones et al., 2009). 

Dendritic spines are the main recipients of excitatory synaptic transmission in the 

brain (Harris, 1999; Kandel, 2000; Nimchinsky et al., 2002; Tolias et al., 2005; 

Gao et al., 2007), and their morphogenesis is shown to be very important in 

synaptic development and plasticity (Harris, 1999; Yuste and Bonhoeffer, 2001; 

Penzes et al., 2003). Specifically, dendritic spine morphogenesis requires a very 

dynamic actin cytoskeleton (Hering and Sheng, 2001; Calabrese, 2006) to drive 

the process of actin polymerization. In fact, abnormalities in dendritic 

morphogenesis due to deranged actin dynamics have been linked to several 

disease states. A well-known pathway regulating actin dynamics involves the 

small GTP-binding protein Rac1.  

 Learning is the acquisition of an altered behavioral response due to an 

environmental stimulus (Sweatt, 2003, 2010). This refers to a change in behavior 

in response to something that can be seen, touched, tasted, smelled or heard. 

Such behavioral change can be measured and compared to a baseline behavior. 
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Through learning, the brain as a structure is functionally modified to better reflect 

the experiences that we encounter.  

Memory, on the other hand, is a broad term which embodies  the different 

processes through which acquired information is processed, stored, and 

eventually retrieved when necessary, in order to cause changes in behavior 

(Sweatt, 2003, 2010). In other words, memory could be defined as the ability to 

remember past learning and experiences.  

A question that begs for further clarification is whether learning depends 

on memory or memory on the other hand, depends on learning. In effect, 

learning and memory do demonstrate a certain form of co-dependency in which 

learning becomes facilitated by memory in some instances, whereas in other 

situations, memory becomes dependent on learning. Memory depends on 

learning because the information retrieved and stored during the memory 

process, is acquired through learning. Conversely, memory is essential for the 

learning process, because it serves as a framework for which new learnt 

knowledge can be associated with previous knowledge.  

Some factors that can influence memory include degree of attentiveness, 

alertness, motivation, need, mood and context (Revelle and Loftus, 1992). Based 

on duration, memory can be classified into sensory, short-term or working 

memory and long-term memory, with one type preceding the other (Figure 1). 

Sensory memory is incoming information that is perceived by sensory organs. It 
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usually lasts for less than two seconds and, depending on the attention that is 

given to it, sensory memory becomes working memory. During the working 

memory, information is retained and retrieved for minutes or even hours. Also, 

depending on how much the information is rehearsed at this stage it can be 

encoded and consolidated into long-term memory, where it can persist for days, 

months or years (Polster et al., 1991; Squire, 1992). Long-term memory is 

subject to retrieval (or recall) when needed again as working memory. 

 



13 

 

 
       

 
 
 
 

Figure 1: Model of information processing showing sensory, working (short term) and 
long term memory 
 
Incoming information perceived by sensory organs forms sensory memory may become 
working (short-term) and eventually long term memory depending on the attention accorded it 
or simply forgotten. 
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 There are two types of long-term memory: explicit (declarative) and 

implicit (non-declarative) (Figure 2). Explicit memory consists of factual 

knowledge about people, places, and things. It is very flexible, involves 

association of different pieces of information, and is subject to conscious recall. 

Explicit memory is further classified into episodic memory (which is said to be 

memory of specific events and personal experiences) and semantic memory 

(which is a general memory of facts) (Kandel et al., 2000). However, there is 

always some interaction between episodic and semantic subtypes.  

Implicit memory on the other hand, involves information about how to 

perform a task. It is rigid and much linked to where learning took place, and is 

subject to unconscious recall. Implicit memory is further divided into four 

subtypes: priming, procedural (skills and habits), associative and non-associative 

learning (Kandel et al., 2000). In normal working memory, these four subtypes 

also interact at all times.  
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Figure 2: Schematic representation of long-term memory systems and showing different 
brain regions involved in  each system.  
The hippocampus functions in declarative memory 
 
Adapted from Squire, L. R. (2004). Memory systems of the brain: a brief history and current 
perspective. Neurobiology of Learning and Memory, 82(3):171-177. 
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2.2 The small GTPase Rac1 (Ras related C3 botulinum toxin substrate 1) 

The superfamily of small GTP-binding proteins (small GTPases) is 

involved in the regulation of a large variety of cellular processes, such as cell 

proliferation, cell differentiation, membrane trafficking, and nuclear import and 

export (Hall, 1998; Boureax et al 2007; Bostelo et al., 2007). They all seem to act 

as molecular switches and become activated and able to transmit intracellular 

signals upon binding to guanosine triphosphate (GTP). Hydrolysis of GTP returns 

them to an inactive state (Etienne-Manneville and Hall, 2002). The superfamily of 

small GTPases is made of about six subfamilies: Ras, Rho, Ran, Arf, Rab and 

Rad.  Proteins of the Rho subfamily of small GTPases, which include, Rac (Ras-

related C3 botulinum toxin substrate), RhoA (Ras homologous gene family, 

member A), RhoB (Ras homologous gene family, member B), and Cdc42 (cell 

division cycle 42), are of great importance to cellular processes because of their 

role in the regulation of the actin cytoskeleton (Nobes et al., 1995; Hall, 1998; 

Nobes and Hall, 1999; Hall and Nobes, 2000).  

Ras related C3 botulinum toxin substrate (Rac) is so called because it is a 

substrate for ADP-ribosylation by the C3 component of the botulinum toxin 

(Didsbury et al., 1989). There are three known Rac proteins in vertebrates, 

namely Rac1, Rac2, and Rac3, which share a sequence identity of 88-92% 

(Corbetta et al., 2005). Rac1 and Rac2 are 92% identical and only differ in 14 out 

of 190 residues, with most divergence observed in the carboxyl terminus where 6 
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out of the last 10 residues differ (Didsbury et al., 1989). Rac1 is ubiquitous,   

Rac2 is mostly found in hematopoietic cells (Didsbury et al., 1989), while Rac3, 

first identified in humans (Haataja et al., 1997) and in birds as Rac1B (Malosio et 

al., 1997) is neuron-specific (Malosio et al., 1997) and highly expressed during 

development (Albertinazzi et al., 1998; Bolis et al., 2003). 

 Rac1 is composed of about 200 amino acid residues and has a molecular 

weight of about 21-25Kda (Didsbury et al., 1989). Rac1 acts as an intracellular 

molecular switch to transduce signals from the extra-cellular stimuli to the actin 

cytoskeleton and the nucleus. Like other Rho GTPases, Rac1 functions as a 

molecular switch by cycling between two states: the inactive guanosine 

diphosphate (GDP) bound state (Rac1-GDP) and the active guanosine 

triphosphate (GTP) bound state (Rac1-GTP) (Smith and Rittinger, 2002). Signal 

transduction by Rac1 is activated when its guanine nucleotide exchange factors 

(GEFs) facilitate the exchange of GDP for GTP. Activated Rac1 (Rac1-GTP) in 

turn binds to and activates its effectors. The GTPase activating factors (GAPs) 

switch off Rac1 by increasing the endogenous GTPase enzymatic activity 

(Foreman et al., 2003), thereby replacing GTP by GDP (Rac1-GDP) (Figure 3). 

Plasma membrane receptors such as tyrosine kinase receptors, G-protein 

coupled receptors and cytokine receptors are involved in the activation of Rac1 

signaling (Hall and Nobes, 2000) which may have distinct consequences. An 

additional important cycle involves the translocation of Rac1 from the cytosol 
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Figure 3: GTP cycling regulates Rac1 function 
 
In resting cells, Rac1 is mostly found in the cytoplasm in the inactive GDP bound state and 
un-signaled GTP exchange is prevented by Guanine Dissociation Inhibitors (GDIs). A signal 
for Rac1 activation by extra cellular stimuli activates Guanine nucleotide Exchange Factors 
(GEFs) which catalyze the exchange of GDP for GTP and membrane localization of Rac1 
where it meets its effectors. On the other hand, GTPase Activating Proteins (GAPs) 
catalyze  the hydrolysis of Rac1-GTP back to inactive Rac1-GDP and Phosphate (P). 
 
Adapted from Gregg, D., Rauscher F.M. and Goldschmidt-Clermont, P.J. (2003). Rac 
regulates cardiovascular superoxide through diverse  molecular interactions: more than a 
binary GTP switch. The American Journal of Physiology-cell Physiology, 285:C723-C734. 

where it is mostly located (95%) to the membrane, where it gets activated by 

guanine nucleotide exchange factors (GEFs) and can meet its target proteins 

(Hansen and Nelson 2001; Tejada-Simon et al., 2006). 
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Like other small GTPases, Rac1 contains a CAAX amino acid sequence 

at its carboxyl terminus (where C is cysteine, A is an aliphatic amino acid, X is 

any amino acid) (Kreck et al., 1996, Philips et al., 1993). This sequence is very 

important because it signals a posttranslational modification. This 

posttranslational modification involves isoprenylation of the cysteine (using the 

geranylgeranyl pyrophoshate [GGPP] for the Rho subfamily and farnesyl 

pyrophospate [FPP] for Ras), followed by proteolytic cleavage of the AAX 

sequence, and carboxylmethylation of the cysteine (Clarke et al., 1988; Gutierrez 

et al., 1989; Philips et al., 1993). These modifications are very crucial for 

membrane association and function of these small GTPases (Hancock et al., 

1990, 1991). Isoprenylation appears to promote the interaction with a guanine 

nucleotide exchange protein permitting rapid GTP binding (Ando et al., 1992; 

Heyworth et al., 1993). Kreck et al. (1996) have shown the failure of non-

prenylated Rac to undergo rapid guanine nucleotide exchange indicating that 

binding to the membrane is required for guanine nucleotide exchange. 

Interestingly, the two isoprenoids GGPP and FPP are intermediates in the 

mevalonate/cholesterol pathway, which provides the only source of these 

compounds in mammals (McTaggart, 2006; Hooff et al., 2008; Eckert et al., 

2009).  

 Rac1 is well known for its role in the regulation of actin cytoskeletal 

organization and has been implicated in complex biological processes involving 
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the actin cytoskeleton such as cytokinesis, phagocytosis, migration, cell cycle, 

adhesion spread and cell shape (Nobes et al., 1995, Nobes and Hall, 1999; Hall 

and Nobes, 2000; Luo, 2000). Sugihara et al. (1998) demonstrated that Rac1 is 

required for gastrulation during embryonic development. They also report that its 

deletion resulted in embryonic lethality because of gastrulation defects and 

apoptosis of mesodermal cells. In addition to cytoskeletal reorganization, Rac1 

has been shown to regulate gene transcription (Hall and Nobes, 2000). Several 

laboratories (Ridley and Hall, 1992; Ridley et al., 1992; Nobes and Hall, 1995; 

Hall and Nobes, 2000) have specifically implicated Rac1-GTP in the regulation of 

polymerization of actin at the cell periphery to produce lamellipodia and 

membrane ruffles. Some Rac1 GEFs include DOCK1 (dedicator of cytokinesis) 

(Gadea et al., 2008), PRex1 (phosphatidylinositol-3,4,5-trisphosphate-dependent 

Rac exchange factor) (Qin et al., 2009), TIAM1 (T cell lymphoma invasion and 

metastasis 1), (Habets et al., 1994; Ehler et al., 1997; Lambert et al., 2002; 

Tolias et al., 2005), VAV1 (Fernandez-Zapico et al., 2005),  VAV2 (Patel et al., 

2007),  kalirin7 (Carlisle and Kennedy, 2005), and Trio (Debant et al., 1996). 

TIAM1 and Trio are Rac1 specific GEFs, (Habets et al., 1994; Malliri et al., 2002; 

Debant et al., 1996). Habets et al. (1994) report that among native mouse tissue, 

TIAM1 is highly expressed in the brain. 

 Rac1 regulates transcription by activating the extracellular-signal-

regulated kinases 1 and 2 (ERK1/2) signaling pathways (Forst, 1997) and actin 
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cytoskeleton reorganization through p21 activated kinase (PAK) phosphorylation 

(Bokoch, 2003). For actin polymerization processes, active Rac1 (Rac1-GTP) 

activates PAK-1. Activated PAK-1 phosphorylates and activates LIM (Lin-11/Isl-

1/Mec-3)-domain-containing protein kinase 1 (LIMK-1) (Bokoch, 2003; Birkenfeld 

et al., 2003). Activated LIMK-1 phosporylates the actin filament 

depolymerizing/severing factor, Cofilin-1 at Serine 3 and this phosphorylation of 

Cofilin-1/ADF (Actin Depolymerizing Factor) inhibits effective binding to F-actin, 

and consequently inhibits their ability to catalyze F-actin depolymerization and 

severing (Morgan et al., 1993; Bokoch, 2003), promoting actin polymerization. 

 The action of Rac1 can be blocked, or halted by inhibiting the action of 

some of its GEFs. For example, Gao et al. (2004) have reported that the small 

chemical compound of the National Cancer Institute Chemical Database, 

NSC23766 (NSC) acts as a specific inhibitor of Rac activation. This laboratory 

demonstrated that NSC23766 inhibits Rac1 activation by specifically blocking 

Rac1 interaction with its specific GEFs, TIAM1 and Trio, while at the same time 

discriminating against closely related subfamily members such as Cdc42 and 

RhoA. In a similar study, Onesto et al. (2008) identified EHT1864 as another 

small molecule inhibitor of Rac. EHT1864 acts by blocking GDP, GTP exchange 

(mechanism involving guanine nucleotide displacement) thereby placing Rac1 in 

an inert and inactive state and impairing Rac1-mediated functions in vivo. 

Furthermore, the structural information obtained from the NSC23766-Rac1 
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formed complex was used in virtual screening approach to identify five new Rac1 

inhibitors that are structurally unrelated to NSC23766 (Ferri et al., 2009; Vigil et 

al., 2010). Despite being unrelated to NSC23766, these inhibitors have also been 

reported to specifically block Rac activation. There has been some debate as to 

whether these inhibitors actually work, as some groups have verbally argued 

against their effectiveness. However, so far, there is no published paper to 

discredit them. Our group successfully used these inhibitors to pharmacologically 

block Rac1 activation and LTP generation (Martinez and Tejada-Simon, 2011; 

Bongmba et al., 2011).  

 

2.3 Hippocampus in learning and memory: association with Rac1 

 The hippocampus is a sea-horse shaped structure that lies in the medial 

temporal lobe of the brain (Amaral and Lavenex, 2007). It is very crucial for 

learning and memory and has been shown by several studies to undergo 

plasticity (Bliss et al., 2007; Neves et al., 2008). This critical role of the 

hippocampus was brought to light by two famous cases: that of Henry Gustave 

Molaison, previously referred to as patient H.M. (Scoville and Miller,  1957; 

Neves et al., 2008) and patient R.B. (Zola-Morgan et al., 1986; Rempel-Clover et 

al., 1996). The hippocampus is made up of various regions classified as Cornu 

Ammoni 1, 2, and 3 (CA1, CA2, and the CA3), and together with the dentate 

gyrus (DG),  parahippocampal cortex, perirhinal cortex, the entorhinal cortex and 
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the subiculum, form what is known as the hippocampal formation (Kandel el al., 

2000; Amaral and Lavenex, 2007). In processing information for memory 

storage, acquired information from the polymodal association cortices, passes 

through the parahippocampal and perirhinal cortices into the entorhinal cortex. 

From the entorhinal cortex, information then enters the distinctive unidirectional  

tri-synaptic circuit of hippocampus via the perforant pathway unto the granule 

cells of the DG. From the DG, the unidirectional information flow continues to the 

pyramidal neurons of the CA3 through the mossy fiber pathway. From there to 

the pyramidal neurons of the CA1 through the Commissural/Schaffer collateral 

pathway, then to the subiculum, back to the entorhinal cortex, and finally to the 

parahippocampal and perirhinal cortices before exiting back to the polymodal 

association cortices (Figure 4) (Kandel et al.,  2000). 
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Figure 4: Information processing in the hippocampal formation 
 
Information acquired from the polymodal association cortices, passes through the parahippocampal 
and perirhinal cortices to the entorhinal cortex. From the entorhinal cortex, information enters the 
hippocampus through the perforant pathway to the granule cells of the dendate gyrus (DG). From 
the DG, information flows to the pyramidal neurons of the CA3 through the mossy fiber pathway, to 
the pyramidal neurons of the CA1 through the Schaffer collateral pathway, then to the subiculum 
and back to the entorhinal cortex, the parahippocampal and perirhinal cortices before getting back to 
the polymodal association cortices . 
 
Kandel, E. R. (2000). Cellular mechanisms of learning and the biological basis of individuality. 
Principles of Neural Science, Fourth edition. McGraw-Hill, 1247-1279. 
 
  

 

A broad body of studies argues that the hippocampus contains a cognitive 

map of the spatial environment that is involved in the encoding and initial storage 

of experience-dependent spatial information (Scoville, 1957; O’keefe and 
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Dostrovsky, 1971; O'Keefe and Nadelb, 1978; Zola-Morgan et al., 1986; Rempel-

Clover et al., 1996). This argument is supported by the discovery of place cells in 

rat hippocampus by O'Keefe and Dostrovsky (1971). O'Keefe and Dostrovsky 

first describe “place cells” as pyramidal neurons of the hippocampus, which fire 

when an animal is in a particular space or location. They stress that each 

pyramidal neuron of the hippocampus is a potential “place cell” which encodes a 

position in space. As a result, it is thought that different place cells fire when an 

animal moves around, thus creating a “place field”, an internal representation of 

the space that the animal occupies (Kandel, 2000). 

 The hippocampus has been associated with the formation of episodic 

memories in animals and humans (Rudy and Sutherland, 1989; Squire and Zola-

Morgan, 1991; Aggleton and Brown, 1999; Reilly, 2001; Neves et al., 2008) and 

with the consolidation of information into long-term declarative memory (Mumby 

et al., 1999). Pharmacological inactivation of the N-methyl-D-aspartic acid 

(NMDA) receptor in the hippocampus as well as molecular knock-outs restricted 

to the hippocampal CA1 area in transgenic animal, have both resulted in a loss of 

spatial memory (Morris et al., 1986; Morris, 1989; Tsien et al.,1996b, Bordi et al., 

1996).  

 Previous work by our group has shown that Rac1 is highly expressed in 

the hippocampus of the mouse brain (Tejada-Simon et al., 2006). In addition, 

Tejada-Simon et al. (2006) have also demonstrated that Rac1 is localized 
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throughout the hippocampal neurons in the cell body, dendrites as well as in 

synaptic sites. One of the critical steps for the activation of Rac1 is its 

translocation from the cytoplasm to the membrane, where it can interact with 

target proteins to exercise its function. Using hippocampal slices derived from 

adult mice, Tejada-Simon et al. (2006) also observed that following acute 

application of N-methyl-D-aspartatic acid (NMDA), an NMDA receptor agonist, 

Rac1 translocates from the cytosol to the membrane in the hippocampal area 

CA1. Furthermore, it was observed that NMDA receptor antagonists (2-amino-5-

phosphonovaleric acid [APV] and dizocilpine [MK801]) blocked the NMDA 

induced translocation of Rac1 in the same brain region. Finally, through the 

measurement of Rac-GTP using affinity purification assays, it was observed that 

NMDA receptor activation did not only induce the translocation of Rac1, but also 

initiated its activation.  

Contextual fear conditioning has been depicted as a hippocampal-

dependent learning and memory task by Loque et al. (1997) and Collins and 

Pare (2000). In a series of experiments using the fear conditioning paradigm, my 

laboratory has also shown that the translocation and activation of Rac1 observed 

above, also occurs during associative contextual fear learning in the 

hippocampus of the adult mouse (Martinez et al., 2007). Thus, activation of Rac1 

appears to be associated to both NMDA receptor activation and associative 

learning.  
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2.4 Neuronal morphology and plasticity 

 Neuronal plasticity depends on functional changes at synapses and 

modulation of synaptic architecture (structural plasticity), which are induced by 

the transmission of external signals to the cytoskeleton (Michaelsen et al., 2010). 

A very important component of neuronal plasticity is dendritic spine 

morphogenesis (changes in dendritic spine shape, size, and number) (Jones et 

al., 2009). Dendritic spines are spiny actin rich protrusions on dendrites that are 

widely recognized as the major recipients of excitatory synaptic transmission in 

the central nervous system (Harris, 1999; Kandel, 2000; Nimchinsky et al., 2002; 

Penzes et al., 2003; Tolias et al., 2005; Gao et al., 2007; Jones et al., 2009). 

Change in number and morphology of dendrites and spines is said to correlate 

with synaptic plasticity and memory (Lamprecht and LeDoux, 2004). Calabrese 

et al. (2006) report that dendritic spines play critical roles in synaptic transmission 

and plasticity. The majority of the pyramidal cells located in areas CA1, CA3 of 

the hippocampus, have thousands of spines along their long, branched dendrites 

(Matsuzaki et al., 2004), and these spines may vary in morphology, plasticity and 

function. Dendrites and spines undergo morphological changes by increasing in 

number or size, decreasing in number or size, or by disappearing entirely. It is 

believed that such changes could be the foundation of memory (Bailey et al., 

1996; Engert and Bonhoeffer, 1999; Yuste and  Bonhoeffer, 2001). Matsuzaki et 

al. (2004) reiterate that if learning and memory are processed through synaptic 
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plasticity, then the specificity and history of memory storage at individual 

synapses should be reflected in the morphological and functional heterogeneity 

of dendritic spines. In this connection, dendritic and spine morphology have been 

implicated in the induction of long–term potentiation and long-term depression. 

Matsuzaki et al. (2004) demonstrated that high frequency stimulation, which 

causes LTP, induces Ca2+ influx through the NMDA receptor and actin 

polymerization, leading to spine extension, spine head enlargement and spine 

neck conductance. On the other hand, low-frequency stimulation, which induces 

LTD, has been shown to lead to spine shrinkage (Zhou et al., 2004). Based on 

this, it has been suggested that small spines are learning spines while large 

spines are memory spines (Kasai et al., 2003; Matsuzaki et al., 2004).  

 Dendrites and spines have also been implicated in certain diseases. 

Several neurological and psychiatric disorders exhibit dendritic spine 

abnormalities (Figure 5, Fiala et al., 2002; Calabrese et al., 2006). Furthermore, 

in Alzheimer’s disease and Down Syndrome it has been observed that there is a 

loss of dendritic spines (Ferrer and Gullotta, 1990; Lanz et al., 2003). Alzheimer’s 

disease has been associated to faulty actin depolymerization involving possibly a 

defective Rac1–dependent activation of PAK, which is a downstream effector of 

Rac1 (Zhao et al., 2006). In Fragile-X syndrome, dendritic spine abnormalities 

showing increased spine density and increased number of long, thin, and 

immature spines have been reported (Scott et al., 2000). It is believed that a 
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higher density of spine along dendrites may lead to a failure of synapse 

elimination thereby obstructing the balanced synapse formation and elimination 

ratio that is required to maintain a proper synapse function (Irwin et al., 2000; 

Park et al., 2011). 

 A key point to note is the observation by Fifova and Morales (1992), that 

changes in dendritic spine shape are thought to be mediated by the actin 

cytoskeleton. Additionally, the formation and maintenance of dendrites and 

dendritic spines is thought to be very critical for synaptic development and 

plasticity (Penzes et al., 2003) and require a very dynamic actin cytoskeleton. 

One of the major roles of Rac1 is regulating actin in many types of cells (Ridley 

et al., 1992, Luo, 2000), including neurons, leading to dendrite and spine 

formation. It is known that during learning and memory formation there is a 

rearrangement of the actin cytoskeleton leading to the formation of dendrites and 

spines. It is therefore of prime importance that morphological studies be 

conducted to verify whether Rac1 plays a role in neuronal morphological 

changes associated with synaptic plasticity.  
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Figure 5: Some disorders of spine abnormalities 
 
Fiala, J.C., Spacek, J. and Harris, K.M (2002). Dendritic Spine Pathology: Cause or Consequence 
of Neurological Disorders? Brain Research Reviews, 39 :29–54. 
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2.5 Long-Term Potentiation (LTP) and Long-Term Depression as cellular 

models of memory 

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

forms of long-lasting synaptic plasticity in the brain (Collingridge et al., 2010). 

LTP and LTD are in contrast in the sense that LTP indicates long-lasting increase 

in synaptic strength, whereas LTD mediates the opposite, which is a long-lasting 

decrease in synaptic activity. However, both processes are generally considered 

models of cellular and molecular mechanisms that underlie synaptic changes 

during learning and memory (Malenka and Bera, 2004; Massey and Bashir, 

2007).  

 Long-term potentiation is a persistent, activity-dependent increase in the 

efficacy of synaptic transmission resulting from the application of brief high 

frequency electrical bursts. Despite its various definitions by different 

investigators, (Bliss and Lomo, 1973; Alkadhi et al., 1996; Tsien et al., 1996b; 

Malenka and Nicoll, 1999; Lamprecht and LeDoux, 2004; Alkadhi et al., 2005) 

the central notion is that LTP is usually associated with increased synaptic 

efficacy, and is believed to be a model form of synaptic plasticity (Nedivi et al., 

1993; Qian et al., 1993; Yamagata et al., 1993; Matsuo et al., 2000; Yamazaki et 

al., 2001). Indeed expert consensus indicates that LTP is a key factor to 

understanding the cellular and molecular mechanisms involved in memory 

formation and storage (Nicoll et al. 1988; Bliss and Collingridge 1993; Nicoll and 
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Malenka 1995; Diana et al. 2007). Additionally, the physiological substrate of 

information storage in the hippocampus has been proposed to involve LTP 

(Pastalkova et al., 2006). Particular focus on LTP and its signaling cascade has 

been centered on the CA1 region of the hippocampus, because LTP of the 

Schaffer collateral synaptic area is considered the prototype for the study of 

synaptic plasticity in learning and memory (Bliss and Collingridge, 1993). 

Furthermore, LTP in CA1 synapses display Hebbian properties, such as 

associativity and input specificity, where persistently activated synapses are 

strengthened as long as both presynaptic activity and postsynaptic depolarization 

coincide enough to activate N-methyl-D-aspartic acid (NMDA) receptors (Brown 

et al., 1990). This is significant because, LTP in the CA1 area is mostly 

dependent on the activation of NMDA receptors (Collingridge et al., 1983; Harris 

et al.,1984) and the subsequent influx of calcium into the postsynaptic neuron 

(Lynch et al., 1983; McDermott et al., 1986;  Malenka et al., 1988). This initial 

NMDA receptor-dependent calcium influx results among other things, in the 

production of second messenger molecules, including cAMP (Sugden et al., 

1986; Chetkovich et al., 1991), nitric oxide/cGMP (Sugden et al., 1986; Kwan et 

al, 2007; Jian-Zhong et al., 2007) and arachidonic acid (William et al., 1994), 

which are believed to activate various signaling cascades that culminate in the 

modulation of synaptic plasticity. More specifically, during LTP expression each 

of these molecules, including calcium itself, are thought to activate one or more 

http://www.sciencemag.org.ezproxyhost.library.tmc.edu/search?author1=Eva+Pastalkova&sortspec=date&submit=Submit
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protein kinases that lead to the phosphorylation or recycling of key synaptic 

proteins such as alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors, (Malinow et al., 1988; Malenka et al., 1989).  

Several studies support the fact that LTP induction and maintenance 

require rapid reorganization of the spine actin cytoskeleton (Smart et al., 2003; 

Dillon and Goda, 2005; Bramham, 2008; Lynch et al., 2008; Rex et al., 2009; 

Kasai et al., 2010, Chen et al., 2010), which eventually leads to actin 

polymerization. In this respect, recent studies have suggested that some 

GTPases such as RhoA and RhoB, are activated after LTP induction in the 

hippocampal CA1 region via NMDA receptor activation (O’Kane et al., 2003, 

2004). These findings suggest that GTPases may play a role in synaptic plasticity 

during LTP expression in the CA1 area of the hippocampus. In fact, a GTPase of 

particular interest, Rac1, which is a key regulator of the actin cytoskeleton and of 

actin polymerization (Hall, 1998), might also be involved in LTP. 

Long-term depression (LTD) on the other hand, is an activity-dependent 

long lasting weakening of synaptic strength (Linden and Connor, 1995; Bear, 

1995; Chang and Shuman, 2002; Massey and Bashir, 2007). LTD can be 

classified as being either homosynaptic, heterosynaptic, de novo, or 

depotentiation, depending on the form of induction and circumstance of 

occurrence (Linden and Connor, 1995; Massey and Bashir, 2007; Collingridge et 

al., 2010). Homosynaptic LTD is a long lasting decrease in synaptic strength 
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induced at an individual synapse when low frequency stimulation (LFS) is 

administered producing moderate presynaptic activity, together with a moderate 

postsynaptic activity (Linden and Connor, 1995). Homosynaptic LTD is input-

specific, which means that it obeys the classical Hebbian rule of simultaneous 

pre- and postsynaptic activity (Massey and Bashir, 2007; Collingridge et al., 

2010). Heterosynaptic LTD on the other hand, occurs at synapses where the 

presynaptic input is inactive. Therefore weakening the postsynaptic activity is 

driven by distinct modulatory interneurons or by other converging afferents 

(Linden and Connor, 1995; Lynch et al., 1977, Levy and Steward, 1979). 

Additionally, it is important to mention that LTD observed from baseline 

conditions is termed de novo LTD, whereas the LTD observed only after an 

induction of LTP, is referred to as depotentiation LTD (Staubli and Lynch, 1990; 

Fujii et al., 1991; Collingridge et al., 2010). Homosynaptic LTD is the most 

broadly expressed form of LTD in the brain (Huber et al., 2001). In effect, LTD is 

a broad term, which denotes depression caused by a variety of synaptic 

modifications, and mediated by various electrophysiological and biochemical 

events (Linden and Occonor, 1995). LTD normally requires NMDA receptor 

activation, low postsynaptic Ca2+ influx, consequent activation of a 

serine/threonine phosphatase cascade such as calcineurin and finally, 

endocytosis of AMPA receptors (Mulkey and Malenka, 1992; Mulkey at al., 1992; 

Mulkey et al., 1993, Lee et al., 1998, Ehlers, 2000). It occurs in different regions 
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of the central nervous system such as the cerebellar cortex, neocortex, 

hippocampus, striatum, and nucleus accumbens. Its mechanisms of induction 

and consequent stimulatory protocols vary from region to region (Artola and 

Singer, 1993; Linden and Occonor, 1995; Massey and Bashir, 2007). However, 

similar to LTP the most well characterized LTD is that of the hippocampus and 

the cerebellum (Massey and Bashir, 2007). The majority of LTD studies have 

focused on a form induced by NMDA receptor and G-protein-coupled, 

metabotropic glutamate receptors (mGluR) activation, with each of them having 

unique induction mechanisms (Collingridge et al., 2010). 

Huber et al. (2001) reported that homosynaptic LTD occurring in the 

hippocampal CA1 area is the best understood type of LTD. This form of LTD is 

induced by prolonged low-frequency stimulation (600-900 pulses; 1-5Hz), 

requiring a relatively weak NMDA receptor activation-dependent rise in 

postsynaptic intracellular Ca2+, activation of the protein phosphatase cascade 

and dephosphorylation of the GluR1 subunit of postsynaptic AMPA receptors 

(Dudek and Bear, 1992, 1993; Bliss and Collingridge, 1993; Bear and Abraham, 

1996; Lee et al., 1998). A key feature for this type of LTD induction is that it can 

also be reversibly blocked by NMDA receptor antagonists (Dudek and Bear, 

1992; Mulkey and Malenka, 1992; Xiao et al., 1994; Stevens et al., 1994). In 

addition to low frequency stimulation, homosynaptic LTD of the CA1 region can 

be induced through pharmacological activation of NMDA and mGluR receptors 
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using their respective agonists: low dose NMDA and dihydroxyphenylglycol 

(DHPG) (Bear and Abraham, 1996; Huber et al., 2001; Martinez and Tejada-

Simon, 2011; Bongmba et al., 2011, Tejada-Simon and Bongmba 2012). 

Although both forms of LTD are believed to result from endocytosis of AMPA 

receptors, each form is mediated through different signaling cascades. Finally, 

LTD can also be induced in the CA1 through paired pulse low frequency 

stimulation. Some studies have shown that repeated paired pulse stimulation of 1 

Hz for 15 min (PPS-LFS) induces LTD that is independent of NMDARs and 

requires activation of mGluRs (Huber et al., 2000; Kemp and Bashir, 1999).  

 

2.6 Learning and memory assessment  

 Memory, is an organism's ability to store, retain, and recollect information, 

and is measured by changes in behavior in response to an environmental 

stimulus (Sweatt 2003, 2010; Ted and Lattal 2001). Behavioral tests are 

employed to measure altered behavioral responses in whole animals and 

therefore allow the exploration of how a molecular level structure, such as Rac1, 

can translate into function (behavior). Most behavioral studies involve the use of 

appropriate test batteries. Assessment is initiated with the least invasive test 

(such as the open field activity) to the most invasive one (such as the Morris 

water maze). This practice decreases the chance of altered behavioral 

responses by prior test history (McIlwain et al., 2001; Paylor et al., 2005). As 

http://en.wikipedia.org/wiki/Information
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reported by Crawley and Paylor (1997), a test battery is usually comprised of 

analysis to evaluate general health, normal reflexes on standard neurological 

tests, simple locomotor functions, basic sensory processes, and finally cognition 

(learning and memory). Paylor et al. (2005), showed inter-test interval to have no 

significant effect; hence short inter-test interval can be conveniently used during 

behavioral test batteries. The genotype for behavioral testing of transgenic mice 

must include homozygous mutants, homozygous wild type littermates and in 

some cases heterozygote littermates (Crawley and Paylor, 1997). Furthermore, 

due to breeding difficulties, 10 mice per genotype (N=10) are generally required 

for behavioral studies (Crawley and Paylor, 1997). 

 

2.7 Cre/LoxP system as a genetic tool: Site-specific hippocampal knockout 

mice  

 A promising way to determine gene function in animal physiology and 

behavior is by genetic manipulation. That is, knocking down the gene in order to 

assess the behavior of the animal without the protein of interest. However, when 

such protein is critical for development (which is the case in this study), then full 

gene knockout is not possible because it causes embryonic lethatlity (as 

demonstrated for the rac1 gene, (Sugihara et al., 1998; Corbetta et al., 2009). In 

these cases one technique of choice to eliminate a gene in a tissue-specific 
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manner is the Cre/LoxP system (Sauer and Henderson, 1988). This genetic 

manipulation has proven to be an excellent way to assess protein function.  

The Cre/LoxP system is a gene manipulation technique that allows time 

and tissue specific removal of a gene of interest. It was discovered in the P1 

bacteriophage as part of its normal viral live cycle, where the bacteriophage uses 

Cre/LoxP recombination to circularize and facilitate replication of its genomic 

DNA when reproducing (Sternberg and Hamilton, 1981; Sauer and Henderson 

1988). In the Cre/LoxP mechanism, Cre (cyclization recombination) recombinase 

enzyme catalyzes recombination between two LoxP sites (a specific 34-base pair 

sequences consisting of an 8-bp core sequence), where recombination takes 

place at two flanking 13-bp inverted repeats (Nagy, 2000). Although most of the 

Cre/LoxP technique has mostly been employed to induce deletions, it can also 

be used to produce inversions and chromosomal translocations depending on 

location or orientation of the LoxP sites. Therefore, if two LoxP sites are 1) 

oriented in opposite direction, Cre recombase will catalyse an inversion of the 

floxed segment, 2) oriented in the same direction on a chromosome segment Cre 

recombase will catalyse a deletion and 3) located on different chromosomes Cre 

recombase will catalyse a chromosomal translocation (Nagy, 2000). 

 In the Cre/LoxP system, the cre gene and loxP sites must be introduced 

by transgenic technology since they are not native to the mouse genome (Nagy, 

2000). The Cre expressing mouse is a transgenic mouse that contains a 
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transgene expressing Cre driven under the control of a general promoter (for 

general knockouts) or tissue-specific promoter (for conditional knockouts); while 

the floxed mouse is a transgenic mouse that contains loxP sites flanking a critical 

portion of a target gene (Araki et al., 1997; Nagy, 2000; Casper, 2007). Inducible 

Cre animals are also available. These contain a transgene that expresses a 

modified form of the Cre recombinase that is non-functional until an inducing 

agent (such as doxycycline, tetracycline, or tamoxifen) is administered at a 

desired time point in embryonic development or adult life (Nagy, 2000). In 

Cre/loxP mechanisms, the promoter determines the specificity. For example: 

 Alpha-CaMKII (alpha Calcium/Calmodulin-dependent protein 

kinase II) promoter in the mouse. With this promoter Cre recombinase 

expression is expected in the forebrain, specifically the CA1 pyramidal 

cell layer in the hippocampus (Burgin et al.,1990; Tsien et al., 1996);  

 Alb (albumin) promoter in the rat. With this promoter Cre recombinase 

expression is expected in the Liver (Postic et al., 1999);  

 Cd19 promoter. With this promoter Cre recombinase expression is 

expected in B cells (Rickert et al., 1997);  

 GFAP (glial fibrillary acidic protein) promoter in humans. With this 

promoter Cre recombinase activity primarily in the central nervous 

system, affecting astrocytes, oligodendroglia, ependyma and some 

neurons (Zhuo et al., 2001); 
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 ACTB (actin, beta) promoter in the chicken, tamoxifen-inducible. With 

this promoter Cre recombinase expression is expected in most tissue 

types (Hayashi and McMahon, 2002);  

 UBC (ubiquitin C) promoter in human, tamoxifen-inducible. With this 

promoter Cre recombinase expression is expected in all tissue types 

(Ruzankina et al., 2007).  

Cre expressing mice are usually out crossed with loxP expressing mice to 

obtain a heterozygous F1 generation, which is backcrossed with the floxed 

parents to get an F2 generation in which wild types, heterozygotes and general 

or site specific knockouts will be found. In the site specific knockouts, the gene of 

interest will be floxed in the whole animal, but the Cre recombinase, driven under 

the specific promoter, will only be produced in the tissue of interest, thereby 

restricting the removal of this gene to the specific tissue (Figure 6). 

The Cre/LoxP system has been successfully applied for genomic 

manipulation of mammalian cell cultures, yeasts, plants, as well as mice by 

several groups (Araki et al., 1987; Tsien et al., 1996a, 1996b; Corbetta et al., 

2009, Chen et al., 2009, Haditsch et al., 2009) to remove genes of interest. 
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Figure 6: The Cre/LoxP Strategy for creating tissue restricted knockouts 
 
Specific promoter drives the production of Cre recombinase enzyme in Cell A, and it deletes the 
floxed gene of interest. In all other cells, Cre recombinase enzyme is not produced and the 
floxed gene is remains intact. 
 
Tsien, J.Z., Chen, D.F., Gerber, D., Tom, C., Mercer, E.H., Anderson, D.J., Mayford, M., Kandel, 
E.R. and Tonegawa, S. (1996a). Subregion- and cell type-restricted gene knockout in mouse 
brain. Cell, 87:1317-1326. 
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3. MATERIALS AND METHODS  

3.1 Generation of a Hippocampal Rac1 deficient mouse (Rac1 mutant) 

3.1.1 Selective disruption of the rac1 gene using the Cre Recombinase  

 To obtain a Rac1 deficient mouse, two transgenic mice were used as 

founders: a Rac1flox line (Rac1tm1Djk/J; Walmsley et al., 2003) and Cre T29-1 line 

(Tsien et al., 1996). Mice were purchased from The Jackson Laboratory (Bar 

Harbor, Maine). In the T29-1 Cre recombinase transgenic mice, Cre expression 

is restricted to the forebrain region by the αCaMKII promoter (Mayford et al., 

1995; Mayford et al., 1996; Dragatsis and Zeitlin, 2000). To generate mice with a 

conditional deletion of rac1 gene in the hippocampus, Rac1flox mice were out- 

crossed with Cre transgenic mice to get the F1 generation. Thereafter, the F1 

generation was backcrossed with Rac1flox to obtain the F2 generation (Table 1). 

Mice obtained in the F2 generation were genotyped by polymerase chain 

reaction (PCR) using primers specific to Cre recombinase and to floxed alleles of 

the rac1 locus.  

 DNA was obtained from mouse-tails and processed using the DNeasy 

Tissue Kit (QIAGEN Inc., Valencia, California) according to manufacturer’s 

instructions. Briefly, tails were lysed overnight using tissue lysis buffer ATL 

containing Proteinase K. Next, a 1:1 mixture of Lysis buffer AL and Ethanol 

(100%) was added to the tail-lysis buffer ATL mixture, transferred into a filter, and 

subjected through a series of spins and washes using wash buffers AW1 and 
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AW2. Finally, DNA was eluted from the filter upon addition of the elution buffer 

and spinning. The extracted DNA was subjected to PCR for amplification. PCR 

was run using Cre specific primers (Cre forward: gccaccagccagctatcaac, Cre 

reverse: gctaatcgccatcttccagc) and primers that identify floxed alleles of the rac1 

locus (5’tccaatctgtgctgcccatc3’ and 5’gatgcttctaggggtgagcc3’). A PCR mix of 12µl 

was prepared according to the number of reactions. Ten (10) µl of PCR mix was 

aliquotted into small PCR tubes and 2 µl of DNA was added. Two separate PCRs 

were run using the following thermal cycles: 

 Racflox:  

1) 94°C for 3 min,  

2) 94°C for 30 sec, 

3) 59.9°C for 1 min, 

4) 72°C for 1 min (repeat 2-4 for 35 cycles),  

5) 72°C for 2 min, and hold at 10°C;  

Cre: 

1)  94°C for 3min,  

2)  94°C for 30 sec  

3)  65°C for 1 min,  

4)  72°C for 1 min (repeat 2-4 for 35 cycles),  

5)  72°C for 2 min, and hold at 10°C.  
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A 1.5% agarose gel (1.5g agarose in 100ml of 1X TBE buffer [Tris Borate 

Ethylenediaminetetraacetic acid-EDTA composed of 54g Tris, 20 ml 0.5M EDTA, 

27.6g Boric acid] and 60μl of 2mg/ml ethidium bromide) was run in 1X TBE using 

the amplified DNA. Visualization was performed using ultra violet (UV) light and 

Ethidium Bromide staining in AlphaEaseFC (FuorChem 8900) Version 4.0 Gel 

Imager (Alpha Innotech Corporation). Mice genotypes were classified as wild 

type (WT) and heterozygous littermates (HET) or Rac1 deficient (KO or Rac1 

mutant) by comparing the bands expressed on the gel to a standard with specific 

number of base pairs (bp) run in parallel. Wild type littermates showed only the 

Rac1 band (115 bp), heterozygous littermates showed the Cre band (100 bp), 

Rac1 band and floxed Rac1 band (242 bp), while Rac1 mutant mice showed the 

Cre band and the floxed Rac1 band. Thus, the F2 generation mice were 

classified as Rac1 mutants (experimental animals), heterozygotes, or wild type 

littermates (control animals) according to the genotype results. 

 Transgenic and wild type C57BL/6J animals used for experiments were 

obtained by breeding and maintained in a controlled environment (14/10h 

light/dark cycle, constant temperature). All animals were used in accordance with 

the principles and procedures of the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. Protocols for experimental tests were 

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

University of Houston.  
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Mice with a conditional deletion of rac1 gene in the hippocampus, Rac1
flox

 mice were out-
crossed with Cre transgenic mice to get the F1 generation. Thereafter, the F1 generation was 
backcrossed with Rac1

flox 
to obtain the F2 generation. Tail DNA was collected from F2 

generation mice, amplified through PCR and run on a 1.5%  agarose gel. Depending on the 
base pairs expressed on the agarose gel, F2 mice were classified into:  wild type (no Cre on 
both alleles and two Rac1 floxed alles or one Rac1 floxed allele); Heterozygote (Cre, Floxed 
Rac1 and Rac1); Rac1 KO(Cre on one or both alleles and floxed Rac1 on both alleles). 

Table 1: Breeding Scheme used in obtaining Rac1 deficient mice 
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3.1.2 Confirmation of Rac1 mutant mouse 

3.1.2.1 In situ hybridization 

 In situ hybridization (ISH) was used to detect rac1 mRNA expression in 

the Rac1 mutant and control littermates using a biotin-labeled Rac1 oligoprobe 

(Braissant and Wahli, 1998; Lazarov et al., 1998). Mice were euthanized by 

cervical dislocation and brains were quickly removed and placed in -80°C for 

rapid freezing. Thin coronal sections (10-15µm) were prepared on a cryostat 

(Leica CM 1850, Leica Microsystems Inc., Bannockburn, IL), at -20 °C from 

frozen brains imbedded in Tissue-Tek Optimal Cutting Temperature (O.C.T.)-

Embedding Medium for Frozen Tissue (Sakura Finetek U.S.A., Inc., Torrance, 

California). Sections were then collected on labeled Superfrost PLUS slides, 

allowed to dry for about 30 minutes to one hour, fixed in 4% formaldehyde/PBS 

(Thermo Scientific, Rockford, IL) for 1 hour at 4ºC and then washed three times 

in phosphate-buffered saline solution (0.01 M PBS, pH 7.4, Sigma, St. Louis, 

MO). Next, Sections were acetylated with 0.25% acetic anhydride in 0.1M 

Triethanolamine-HCL (pH 8.0) in PBS for 10 minutes at 4ºC followed by 

permeabilization in 0.5% Triton-X/PBS for 5 minutes at 4ºC. Then sections were 

incubated in 70% ethanol for 10 minutes, and placed in 95% ethanol at 4ºC until 

ready for the hybridization step.  

 For hybridization, sections were incubated in 100 µl of hybridization buffer 

(50% deionized formamide, 4x SSC [Saline Sodium Citrate], 1% Dernhardts 
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solution, 2% dextran sulfate, 250 µg/ml salmon sperm DNA, 250 µg/ml yeast 

tRNA, with a Rac1 biotin double labeled oligomer probe [10µg/ml, Invitrogen, 

Carlsbad, CA] overnight in humid chamber with tissue wetted from a solution of 

50% formamide and 4x SSC.  Hybridization was followed by a series of washes 

at varying temperatures and concentrations of SSC diluted in nuclease free water 

to remove unbound probe. Sections were washed two times in 2x SSC solution 

at 40ºC for 15 minutes each,  two times in 1x SSC solution for 30 minutes each  

at 40ºC, one time in 0.5x SSC solution for 45 minutes at 40ºC and one time in  

0.5x SSC solution at room temperature for 5 minutes.  

 Next, sections were rinsed two times in TBS (Tris-HCl 50mM pH 7.5 and 

NaCl 150mM) for 15 minutes each, and blocked in blocking solution (0.3% Triton 

X-100 and 1% I-Block (I-BlockTM from TROPIXR) for 30 minutes at room 

temperature. A 1:1000 solution of alkaline phosphatase-streptavadin (AP-

Streptavadin, Sigma, St. Louis, MO) was prepared in blocking solution, and 50 µl 

was added to each section and incubated at 37ºC for 1 hour. Sections were 

rinsed two times in TBS, and allowed to equilibrate in detection buffer (pH 9.5, 

100mM Tris-HCl, 100mM NaCl, 50mM MgCl2). Alkaline phosphatase (AP) activity 

was detected by incubating the tissue in pre-mixed BCIP/NBT liquid 

substrate/B1911 (Sigma, St. Louis, MO) overnight at room temperature in humid 

chamber. The reaction was brought to a halt by placing sections in TE (Tris-HCL 

EDTA) buffer (10mM Tris-HCl pH 8.0, 0.1mM EDTA) for ten minutes. Sections 
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were rinsed briefly with distilled water and allowed to air dry for about 15 to 30 

minutes. Mounting medium was applied to sections and slides were coverslipped 

and nail hardener used to seal the slides to avoid drying. To image mRNA 

staining, an Olympus BX51WI Microscope with Spinning Disk Confocal (DSU) 

and Hamamatsu EM-CCD Digital Camera C9100 was used. 

3.1.2.2 Immunoblot analysis  

Tissue extraction  

Mice were euthanized by cervical dislocation and decapitation in 

accordance with the regulations of University of Houston Animal Protocol and 

national regulations and policy for handling animals. Brains were carefully and 

rapidly removed, and briefly submerged in ice-cold cutting saline solution (60 mM 

NaCl , 28 mMNaHCO3, 5 mM,  3 mM KCl, 1.25 mM NaH2PO4, 7 mM MgCl2, 

glucose, 0.5 mM CaCl2, 110 mM Sucrose, 0.6 mM Ascorbate). All solutions were 

saturated with 95% O2/5% CO2. Next, whole brains were dissected into different 

brain regions on cutting solution-soaked filter paper mounted on a glass platform 

resting on ice. The brainstem and cerebellum were separated and placed in 

labeled tubes. The remaining brain was separated into two halves, mounted on 

an agar cube, then on a vibratome in ice cool water and sectioned into thin slices 

(400μm). Brain slices were immersed in ice-cold cutting solution (60 mM NaCl , 

28 mMNaHCO3, 5 mM,  3 mM KCl, 1.25 mM NaH2PO4, 7 mM MgCl2, glucose, 
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0.5 mM CaCl2, 110 mM Sucrose, 0.6 mM Ascorbate) saturated with 95% O2–5% 

CO2. The cortex and the hippocampi were carefully removed from the brain slices 

and with the help of a microscope, hippocamppi slices were separated into the 

CA1 and the CA3/DG. In addition to the brain regions, some peripheral regions 

namely the kidney, the testis and ovaries were also isolated and placed in 

labeled tubes for homogeneization and analysis.  

 Immunoblotting 

Tissue of interest were obtained as described above and sonicated in 

Homogenizing buffer complete (HBC) (10mM Hepes, 1mM EDTA, 1mM EGTA, 

150mM NaCl, 50mM NaF, 10 mM sodium pyrophosphate, 1mM sodium 

orthovanadate, 10 µg/ml leupeptin, 2 µg/ml aprotinin, 1 µM microcystin-LR, and 

200nM calyculin A) to obtain sample homogenates. Protein concentrations in 

homogenates were determined using the Bradford assay (Bradford, 1976). Equal 

amounts of protein (10µg of protein per lane) were loaded and separated through 

electrophoresis on locally made 12% SDS–PAGE gels followed by 

electrophoretic transfer unto polyvinylidene difluoride (PVDF) membranes. 

Membranes were blocked in Tris-buffered saline with Tween 20 (TTBS, 50 mM 

Tris-HCl [pH 7.5-8.0], 150 mM NaCl, and 0.1% Tween 20) containing 5% non-fat 

milk for 1 hour at room temperature under shaking and then incubated with the 
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desired primary antibody at room temperature over night using the following 

concentrations: 

 Rac1, 1:10.000, Millipore  

 Cdc42, 1:1000, Santa Cruz 

 RhoA, 1:1000, Cell Signaling 

 RhoB, 1:1000, Cell Signaling 

 ERK, Phospho-ERK, 1:1000 Cell Signaling 

 PAK-1, Phospho-PAK-1, 1: 1000, Cell Signaling 

 LIMK-1, 1:1000 Cell Signaling  

 Phospho-LIMK-1, 1:1000 ABCAM  

 Cofilin-1, 1:1000, Cell Signaling 

 Phospho-cofilin-1, 1:300 Cell Signaling  

 Next, membranes were washed three times for 15 minutes each in 

1xTTBS (Tris-HCL, Tween Buffered Solution), followed by incubation in the 

corresponding secondary antibody using the following concentrations: 

 Anti-Mouse: horseradish peroxidase-conjugated goat anti-mouse 

IgG (1:8000) from Promega for Rac1 and Cdc42  

 Anti-Rabbit: horseradish peroxidase-conjugated goat anti-rabbit IgG 

(1:5000) from Promega for RhoA, RhoB, PAK-1, phospho-PAK-1, 

LIMK-1, phospho-LIMK-1 and Cofilin, and from Cell signaling for 

phospho-Cofilin. 
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After incubation with the secondary antibody, blots were washed three times for 

15 minutes each in 1xTTBS and allowed to air dry for about two minutes on a 

filter paper. For visualization, a 1:1 mixture of enhanced chemiluminescence 

reagents (ECL, Amersham Biosciences, Piscataway, NJ) was applied and blots 

were exposed to X-Omat Blue film (Kodak, Rochester, NY) for about 15 seconds 

to 1 minute and developed in an X-ray developer. The bands of each immunoblot 

were quantified from film exposures in the linear range of each antibody and 

normalized to percentage of total protein for each sample with densitometry 

using a desktop scanner and NIH imageJ software to determine the amount of 

immunoreactivity. 

Immonublotting was also performed using the E-PAGETM 48 Protein 

Electrophoresis System (InvitrogenTM, Version A). Samples were prepared in a 

total volume of 10µl composed of 2.5 µl E-PAGETM 4X Loading buffer, 1µl 

Nupage® 10 Sample Reducing Agent  (InvitrogenTM, Carlsbad, California), protein 

sample and deionized water (as needed to bring volume to 10µl . Samples were 

incubated at 70°C for 10minutes and loaded on the 8% 48 well E-PAGETM gels 

inserted into the E-PAGETM mother Base. Loading of samples was preceded by 

loading of 5µl of deionized water into each well to make a total volume of 15µl 

(plus sample) per well. Gels were run for 30 minutes followed by a seven minute 

quick transfer onto a PVDF membrane on an iBlotTM Dry Blotting System 

(Transfer Stack InvitrogenTM Version C). Membranes were activated with 
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methanol for few seconds to 1 minute, incubated in Tris-buffered saline with 

Tween 20 (TTBS, 50 mM Tris-HCl [pH 7.5-8.0], 150 mM NaCl, and 0.1% Tween 

20) containing 5% non-fat milk for 1 hour at room temperature, and probed for 

desired antibody as described above. 

 

3.1.2.3 Immunohistochemistry  

 Mice were euthanized by cervical dislocation. Brains were quickly 

removed and placed in -80°C for rapid freezing. Thin coronal brain sections (10-

15µm) were prepared on a cryostat (Leica CM 1850, Leica Microsystems Inc., 

Bannockburn, IL), at -20 °C from frozen brains imbedded in Tissue-Tek Optimal 

Cutting Temperature (O.C.T.)-Embedding Medium for Frozen Tissue (Sakura 

Finetek U.S.A., Inc. Torrance , California), then collected on labeled Superfrost 

PLUS slides and allowed to dry for about 30minutes to one hour. Sections were 

fixed in 4% formaldehyde/PBS for one hour followed by washing three times in 

PBS for 5 minutes. Sections were then permeabilized in 0.2% Triton X-100/PBS 

for 20 minutes at room temperature, washed 3 times for 10 minutes each in PBS, 

rinsed in distilled water and allowed to air dry. Rac1 (1:100, Millipore) primary 

antibody solution was applied on the sections and incubated for 24 hours in a 

humidified container at 4°C. The antibody solution was gently shaken off and 

slides were washed five times for 5 minutes each at room temperature in PBS. 

Dylight 488 anti-mouse florescent Dye (1:200, Jackson ImmunoLabs) was 
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applied to the sections and allowed to incubate for 3 hours at room temperature 

in a humidified container. The antibody solution was gently shaken off and slides 

were washed 3 times for 10 minutes each at room temperature in PBS. Slides 

were allowed to air dry and incubated in DAPI (0.5µg/ml, DAPI Dihydrochloride;  

CALBIOCHEM, La Jolla, California)  for 5 minutes followed by washing three 

times for ten minutes each in PBS. An aqueous mounting medium suitable for 

fluorescence was applied and slides were coverslipped, edges of slides sealed 

with nail hardener to avoid drying, and imaged using an Olympus BX51WI 

Microscope with Spinning Disk Confocal (DSU) and Hamamatsu EM-CCD Digital 

Camera C9100. 

 

3.1.3 Assessing the development of the Rac1 deficient mouse 

3.1.3.1 General Health of the animals 

 After weaning at three weeks of age, mice were observed daily for gross 

abnormal physical features and apparent behavioral abnormalities. Body weight 

was measured at weaning and before different experiments, to compare the 

weight of hippocampal Rac1 deficient mice to that of their wild type and 

heterozygote counterparts. Brain weight was also measured immediately 

following removal of brains from the skulls for comparison with control animals. 
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3.1.3.2 Gross morphology of brain regions by Nissl (creysl violet) staining  

 Nissl Staining was used to compare the gross morphology of the 

hippocampus of Rac1 mutant mice to that of their control littermates. Mice were 

euthanized by cervical dislocation. Brains were quickly removed and placed in -

80°C for rapid freezing until ready for use. Thin coronal brain sections (10-15µm) 

were prepared on a cryostat at -20 ° C from frozen brains imbedded in Tissue-

Tek Optimal Cutting Temperature (O.C.T.)-Embedding Medium for Frozen 

Tissue (Sakura Finetek U.S.A., Inc. Torrance , California), then collected on 

labeled Superfrost PLUS slides and allowed to dry for about 30 minutes to one 

hour. Sections were fixed in 4% formaldehyde/PBS for 30 minutes followed by 

soaking in alcohol phase 1 (95% ethanol for 15 min, 70% ethanol for 1 min, and 

50% ethanol for 1 min), and twice rinsing in distilled water (once for 2 min and 

once for 1 min). Next, sections were submerged for 2 minutes in Cresyl Violet 

stain (1.25g cresyl violet acetate, MP Biomedicals, LLC; Solon, Ohio, and 0.75ml 

glacial acetic acid in 250ml distilled water), which marks cell bodies, followed by 

1 minute rinse in distilled water. Then, sections were soaked in alcohol (50% 

ethanol for 1 min, 70% acid ethanol [2 ml glacial acetic acid in 200 ml 70% 

ethanol] for 2 min, 95% ethanol for 2 min, few dips in 95% ethanol, and 100% 

ethanol for 1 minute). Finally, sections were submerged in Histoclear (clearing 

agent, Thermo Scientific) for 5 min to clear unstained parts of the tissue. 

Mounting medium was applied on every section and a cover slip was placed on 
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the slide to hold the section in place for visualization on a confocal microscope 

(Olympus FluoView Version 1.7C, FV 1000). Nail hardener was used to seal the 

slides to avoid drying. 

 

3.2. Analysis of neuronal morphology  

3.2.1 Golgi-Cox staining 

 The FD Rapid GolgiStain  Kit (FD Neurotechnologies, Ellicot City, MD) 

was used for Golgi staining of neurons according to manufacturer’s instructions. 

This Kit is composed of five solutions (Solution A to E) which are used 

successively for tissue preparation (fixing) and staining. To set up for tissue 

preparation, the impregnation solution was prepared by mixing equal volumes of 

Solutions A and B, 24 hours prior to use and stored in the dark. Next, mice were 

sacrificed and their brains quickly and carefully removed from their skulls and 

rinsed in 0.1M Phosphate Buffer (pH 7.4). Brains were incubated in impregnation 

solution (fixative), and kept in the dark at room temperature for 2 weeks. The 

impregnation solution was replaced by fresh impregnation solution after 12 hours 

of incubation. Brains were transferred into Solution C and stored at 4˚C for one 

week in the dark. Solution C was also replaced by fresh solution C after 12 hours 

of brain immersion. From solution C, brains were snapped frozen in cold 

isopentene on dry ice for 30 minutes and stored in -80°C for about three days 

before staining.  
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 To proceed to tissue staining, brain sections (60-100 µm) were obtained 

from fixed brains imbedded in Tissue-Tek Optimal Cutting Temperature (O.C.T.)-

Embedding Medium for Frozen Tissue (Sakura Finetek U.S.A., Inc. Torrance , 

California). Brain sectioning was done in a cryostat (Leica CM 1850, Leica 

Microsystems Inc., Bannockburn, IL), set at -32˚C. Sections were collected on 

properly labeled cold microscope slides. A drop of solution C was added to each 

section upon removal from the cryostat and allowed to air dry. Next, sections 

were washed two times in distilled water for 2 minutes each, and then incubated 

in a staining solution composed of 1 part Solution D, 1 part Solution E and 2 

parts distilled water (1D:1E:2DH2O) for 10 minutes. After staining, sections were 

washed two times in distilled water for 4 minutes each, and dehydrated in 50%, 

75%, and 95% ethanol for 4 minutes each and absolute ethanol 4 times for 4 

minutes each. Sections were cleared in xylene 3 times, for 4 minutes each 

followed by mounting using a resinous mounting medium (Permount, SIGMA). 

Coverslips were placed on the slide to hold sections in place for visualization and 

nail hardener was used to seal the slides to avoid drying. 

To image and quantify cell morphology, confocal microscopy was used. 

For fixed samples, high-resolution confocal images were obtained using an 

Olympus BX51WI Microscope with Spinning Disk Confocal (DSU) and 

Hamamatsu ORCA-ER Deep Cooled Camera. The microscope is completely 

configured and compatible with Microbrightfield Stereology Software including 
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StereoInvestigator and Neurolucida (MBF, Williston, Vermont). A z series 

projection of 60 images at a resolution of 0.37 microns per pixel was used to 

cover the entire z dimension of the labeled neurons. A 20x lens [0.75 numerical 

aperture (NA)] was used to image whole-cell and dendritic morphology. Oil 

lenses (60x [1.35 NA] and 100x [1.4 NA] were used to image fine structures such 

as dendritic spines. Neurons were examined from hippocampal CA1.  

 

3.2.2 Dendritic spine analysis  

 To compare the morphology of dendrites in the CA1 pyramidal neurons of 

Rac1-deficient mice to those of their control littermates, high-resolution confocal 

images were acquired using an Olympus BX51WI Microscope (MBF, Williston 

Vermont. vs. 9.10.5 32 bit) with Spining Disk Confocal (DSU) and Hamamatsu 

ORCA-ER Deep Cooled Camera. This microscope is completely configured and 

compatible with Microbrightfield Stereology Software including StereoInvestigator 

and NeuroLucida. A 20x lens (0.75 numerical aperture (NA)) was used to image 

whole-cell and dendritic morphology. A 40x oil lens (1.0 NA) with 2x electronic 

zoom and a 100x oil lens were used to image dendritic spines. To quantify 

dendritic spine morphology from Golgi-impregnated neurons, each dendrite was 

interactively traced assisted by the Autoneuron plugin from Neurolucida. The 

protocol for manual tracing was obtained from MBF. Spine tracing was done from 

image stacks. Images were loaded in the computer and the Simple Click Tracing 
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option was selected. Dendrites for tracing were randomly chosen for analysis.  

While tracing, spines were added automatically by “place spine” options. Once 

the dendritic map out was finished, the “Ending” option was chosen to end the 

tracing. Then appropriate spine structure (thin, stubby, mushroom, filopodia, 

branched or detached) was selected using the provided toolbar. All dendrite, and 

spine information including location and all meaningful measurements was 

tracked in Neurolucida, and tabulated and exported to Microsoft Excel via Neuro 

Explorer. The identity of the experimental group was kept blind until all analysis 

was done, and then the data from the same group of experiments was pooled 

together. Statistical significance was calculated using one-way ANOVA with 

Dunnett's or Tukey's correction factor for multiple groups. 

 

3.3. Electrophysiological measurements  

 Age matched control and Rac1 deficient mice were euthanized and their 

brains rapidly removed and placed in ice-cold oxygenated cutting buffer (95% O2 

and 5% CO2). Brains were mounted on a vibratome on ice and sagitally cut into 

thin sections (400μm). Brain sections were left to incubate in oxygenated cutting 

buffer on ice for 30 minutes after which transverse hippocampal slices were 

extracted and incubated in a solution containing 50% cutting buffer and 50% 

artificial cerebrospinal fluid (ACSF) at room temperature for about 20 minutes. 

Next, hippocampal slices were transferred to an interface chamber (Harvard 
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Apparatus, Holliston, MS) at 30-32°C, perfused with oxygenated ACSF (perfusion 

rate: 1-2ml/min) and allowed to recover for a minimum of 1 hr prior to recording. 

A bipolar enamel-coated platinum stimulating electrode was placed in the CA3 

Schaffer collateral/commissural fibers. A glass recording electrode (resistance 1-

4 µ  filled with ACSF was placed into stratum radiatum of area CA1. 

Extracellular field recordings were obtained from area CA1. Synaptic responses 

to electrical stimulation were collected every 20 seconds and averaged over 2 

minutes using a stimulus intensity that produces 30-50% of the maximum initial 

slope of the extracellular field excitatory postsynaptic potential (fEPSP). Baseline 

fEPSPs were monitored for at least 20 min before the induction of LTP and LTD.  

 LTP was induced with four HFS trains with an inter-train interval of 5 min 

with responses recorded for 3hrs after the last HFS. Data points were normalized 

to the baseline mean prior to delivery of HFS. Data for the electrophysiological 

experiments comparing the initial slope of the fEPSP at various time points 

before, during and after LTP-inducing stimulation collected using pClamp version 

10 and evaluated statistically with a one-way analysis of variance using the 

Tukey test or Student’s t-test.  

 G-protein-coupled metabotropic glutamate (mGluR) receptors LTD 

(mGluR-LTD) was induced by 100 μM (S)-3,5-dihydroxyphenylglycine (DHPG, 

Tocris, Ellisville, MO), in the presence of 100 μM 2-amino-5-phosphonovaleric 

acid (APV, Tocris, Ellisville, MO) in ACSF applied for 5 min after more than 30 
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min of stable baseline. DHPG is an mGluR1 receptor agonist while AP-5 is an 

NMDA receptor antagonist. Data points were normalized to the baseline mean 

prior to delivery of drug and collected using pClamp version 10 (Molecular 

Devices, Sunnyvale, CA). Data for the electrophysiological experiments 

comparing the initial slope of the fEPSP at various time points before, during and 

after LTD were evaluated statistically as described under LTP.  

 Electrophysiological experiments usually began by giving each slice a 

series of stimulations (ranging 0-15µV) and recording the corresponding fEPSPs. 

This is referred to as synaptic Input/Output relationship (stimulus intensity giving 

a corresponding growing EPSP). It was used to check for basal synaptic 

transmission  to make sure that any differences observed between the control 

and the mutant mouse were not due to differences in basic synaptic properties. 

This response range was also used to determine the stimulus intensity (30-50% 

of the maximum response) that was applied during baseline recordings for each 

slice. Baseline stability was tested by recording signals for ≥ 1.5hrs using the 

same stimulus value.  

Paired-pulse facilitation (PPF), a transient form of plasticity induced by 

presenting two closely spaced pulses of equal intensities, was also examined to 

check for facilitation in synaptic transmission for control and Rac1 deficient mice. 

Pulses were paired at varying intervals ranging from 50-300ms. It is assumed 

that if two pulses are paired, the first facilitates the second because of the 
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residual calcium ions from the first. Data points were presented as the ratio of 

response to the second pulse to that of the response to the first pulse. 

 

3.4. Behavioral tests 

 Faced with the challenge that learning and memory cannot be observed 

directly, but only inferred when there is change in behavior, behavioral tests were 

used for this research since it involves assessing learning and memory. Care 

was taken to minimize any stress the animals might experience. Body weight of 

mice was taken at the beginning and at the end of behavioral experiments. Mice 

were taken to the behavioral room and allowed to acclimate for a period of about 

30 minutes to one hour before start of experiments. A battery of behavioral tests 

was used beginning with the least invasive to the most invasive as follows: 

 

3.4.1 Open Field Testing  

 Open field activity (OFA) test was conducted in the Opto-Varimex 

apparatus (Columbus Instrument, Columbus, Ohio). The open field was used to 

test for basic exploratory behavior, which is a sampling behavior essential to 

stimulus exposure on spatial, contextual, and object learning tasks. Mice were 

placed in the center of a clear plexiglass chamber (43x43x18 cm) with 

approximately 200 lux of illumination and 55dB of white noise. A plexiglass lid 

with 28, 1cm holes was placed on top of the chamber cover it and prevent the 
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mice from jumping off. Mice were left in the chamber for 30 minutes to explore 

the novel environment. Exploration by the animals was monitored by light beams 

and photoreceptors on each side of the chamber, and analyzed by a computer 

operated optical animal activity program. After 30 minutes, the animals were 

removed from the chamber and returned to their home cage. The plexiglass 

chamber was cleaned with ethanol and water after each individual test session to 

avoid any influence from the odor deposited by the previous mouse, on the next 

mouse (Crawley, 2000). After all mice were tested they were returned to their 

home room in the animal facility. 

 

3.4.2 Accelerating Rotating Rod Test  

 The ENV-577M Five Station Mouse Rota-Rod Treadmill from Med 

Associates was used for this test. The Rotating Rod (Rotarod) was used to test 

for motor coordination and balance. Mice were placed on a horizontal rotating 

rod, which is approximately 3 cm in diameter. This rota-rod accelerates from 4 to 

40 rpm in a 5 minutes trial period. A single test lasted from the time the animal 

was placed on the rod to when it dropped off (approximately 12 cm onto the rest 

platform) or until 5 minutes had elapsed. Mice were tested for 4 trials per day for 

2 consecutive days. The animals were allowed a 30-60 min inter-test rest interval 

in their home cages. At the end of the first day, the animals were returned to their 

home room in their home cage overnight and brought back the following day for 
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day 2 testing. The rod and the rest platform were cleaned with ethanol and water 

after each use. 

 

3.4.3 Pre-Pulse Inhibition of Startle Response  

 The SR-LABTM Startle Response System (San Diego Instruments, San 

Diego, California) was employed for this test. Pre-pulse inhibition (PPI) of startle 

response was used to assess the animal’s general reflexes (startle) and acoustic 

skills. Mice as well as other mammals flinch in response to a sudden loud sound. 

As observed in several species, this flinching reflex decreases if a low sound is 

given before the loud sound (Crawley, 2000; Sweatt, 2003, 2010). It is based on 

this principle that we used the Pre-pulse inhibition of startle response test to 

measure the hearing ability and acoustic skills of our study mice. The test 

session lasted for about 16 minutes during which the mice were given seven trial 

types repeated five times to make a total of six trials. As previously described by 

Spencer et al. (2006, 2011), mice were placed in a plexiglas cylinder enclosed in 

a sound-attenuated startle chamber and allowed to acclimate for about 5 minutes 

before the test session proper which lasted about 10 minutes. Trial types 

included the following: 

1. A no stimulus trial presented to measure baseline movement in the 

cylinder; 
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2. A startle alone trial of 40 ms, 120 dB to measure maximum startle 

response;  and 

3. Five trial types composed of five different 20 ms prepulse sounds of 74, 

78, 82, 86, or 90 dB presented 100 ms before the startle stimulus of 120 

dB. 

 Repetition of trial types was done in a pseudorandom manner with an inter-trial 

interval of about 10-20 seconds. The whole body flinch amplitude of the mouse, 

which occurred upon hearing the sound was measured by an electrostatic sensor 

located directly below the plexiglass cylinder (Crawley, 2000). Recording of the 

startle response was done every 1 ms for a period of 65 ms following the onset of 

the startle stimulus. The maximum startle amplitude, which was used as the 

dependent variable, was averaged for 6 trials for each mouse and used to 

calculate the percent PPI as following the formula below (Paylor and Crawley, 

1997; McIlwain et al., 2001; Walz et al., 2004). 

 

100-[(startle response on acoustic prepulse + startle stimulus trials/startle 

response alone trials) x 100]. 

 

 Mice with a startle response to the 120 dB sound stimulus of less than 100 were 

not considered for analysis. 
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3.4.4 Hot plate test  

 The hot plate was used to assess the animal’s analgesia related response 

as an indicator of a sensory-perceptual function integral to learning in fear 

conditioning paradigms. The Hotplate Analgesic Meter (Columbus Instruments, 

Columbus, Ohio) was used for this test. Mice were placed one at a time onto a 

hotplate (25.4 cm x 25.4 cm) that was preheated to 55°C and the latency to 

respond with either a jump, hindpaw lick or hindpaw flick was measured. Upon 

response, the animals were immediately removed from the hotplate. As a general 

rule, if no response was detected after 30 seconds, the animal was removed 

from the hot plate bringing the test to an end.  

 

3.4.5 The Light-Dark Test 

 Light/dark transition test was used to assess anxiety-like behavior of mice. 

For this test, we used a light-dark box composed of a black Plexiglas area (15 cm 

x 21 cm x 21 cm) and a larger chamber (30 cm x 21 cm x 21 cm) with three clear 

plexiglas walls and an open top (Spencer et al., 2011). The two chambers of the 

light-dark box are connected by a small hole. Mice were placed in the open side 

of the box and allowed to explore the novel environment for 10 minutes, during 

which their movement was video tracked by the Noldus Ethovision System and a 

stop watch by the researcher. The number of entries from one compartment to 

the other (when mouse placed all four feet into the zone), the latency of entries, 
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and time spent in each compartment were analyzed and used as indicators of 

anxiety.   

 

3.4.6 The Elevated Plus Maze 

 The elevated plus maze (EPM) is a test for anxiety-like behavior. Mice 

were placed in the center box of the elevated plus maze apparatus and allowed 

to explore the maze which is made up of two well-lit and open arms, from which 

the mice can see the cliff, and two closed arms for a total of ten minutes. The 

total time spent by the animal in the open or enclosed arms and the number of 

open or closed arm entries was recorded (Pellow et al.,1985). Normally, mice 

would prefer the closed arms; however, they would explore the open arms 

(Crawley, 2000). As such, confinement to the closed arms is associated with 

more anxiety-related behaviors (Anwar et al., 2011). The behavior of the mice 

was video tracked by a commercial video monitoring apparatus and analyzed by 

the Noldus EthoVision XT 5.1 software (Noldus Information Technology).  

 

3.4.7 Fear Conditioning  

 The Video Freeze Fear Conditioning (Med Associates Inc., (St Alban, 

Vermont) was used for fear conditioning testing. The behavioral testing involved 

context- or cued-dependent learning (evaluating the ability of an animal to 

associate a particular locale or a tone with a modest foot shock of 0.75 mA for 2 
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sec). Animals were  placed in a standard mouse conditioning chamber (13 cm x 

10.5 cm  x 13 cm) equipped with a house light (28 V), a loudspeaker, and a floor 

consisting of 19 equally spaced metal rods (2.8 mm diameter). The fear 

conditioning chambers were housed in sound-attenuating cubicles (56 cm x 50 

cm x 41 cm) equipped with a background noise-generating fan to overshadow 

extraneous sounds. The fear conditioning experiment began with a training 

session of seven (7) minutes during which the mice were given three mild foot 

shocks.  The onset of the cubicle fan and the illumination of the house light 

signaled the initiation of the training session. A 30 seconds tone (80 dB, 2 kHz) 

preceded a 2 seconds scrambled foot shock (0.75 mA), which was presented at 

120 seconds, 240 seconds and 360 seconds after session onset (2 minutes, 

4minutes and 6 minutes). The session ended 60 seconds after the third shock 

was given. The occurrence of freezing was measured every 10 seconds 

throughout training. The occurrence of jumping in response to the foot shocks 

was also recorded. The animals were removed immediately and returned to their 

home cages. This task allowed us to assess not only contextual conditioning, a 

hippocampally-dependent task, but also conditioning to a discrete cue, a largely 

hippocampally-independent task.  

 To test fear conditioning to the contextual cues, the animals were returned 

to the training context at various times after training for a 7-minute test session. 

No shocks were presented during the test session. The occurrence of freezing 
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was measured every 10 seconds throughout testing. To test conditioning to the 

tone, the test chamber was modified with respect to tactile, spatial, visual, and 

olfactory properties to create a novel test environment. The animals were placed 

into the modified chamber for a 7-minute test session at various times after 

training. The tone was presented continuously during the second period of 3-

minutes in that session. Freezing was measured during testing session. After 

testing was completed the animals were returned to their home-room in their 

home cages. The percentage freezing data for the wild type, heterozygotes and 

Rac1 deficient mice, was analyzed using a one way ANOVA. 

 

3.4.8 Morris Water Maze  

The Morris water maze (MWM) was used to assess spatial learning and 

memory (responsible for recording information about one's environment). Mice 

were trained in the Morris water task to locate a hidden escape platform in a 

circular pool (1.38 m Nalgene pool) of opaque water (made opaque with tempera 

paint powder) using distal visual cues outside the pool. The water in the pool was 

at room temperature. Mice were pre-trained by placing them on the submerged 

platform for a few seconds and allowed to swim for about 15 seconds. If they 

jumped out of the platform into the pool, they were again guided back to the 

platform. This was to make them understand that the platform was their point of 

rescue. 
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The test began with this pre-training of the mice during which they were 

introduced to the pool and platform. Then, each mouse was given 2 blocks of 4 

trials a day for 4 consecutive days. Subjects were released into the pool from 1 of 

4 starting positions, and the location of the platform remained constant 

throughout training. Time to find the escape platform (escape latency) was 

measured. The amount of time any individual mouse was allowed to spend in the 

water was limited to 60 seconds. If the mice did not find the platform in that time, 

they were placed by hand onto the platform for a few seconds to help them learn 

where the platform was located.  

Following the four days of training, each mouse was give two probe trials 

(1 hour and 24 hours post training) during which the platform was removed and 

the mouse was allowed to search the pool for 60 seconds. Quadrant search time 

in each quadrant, platform crossings as well as the amount of time spent on the 

platform location (platform duration) were assessed to characterize the mouse’s 

search behavior during the probe trial. 

  Mice were also trained on the visible platform task. In this test, animals 

were required to locate a platform whose position was marked by a post 

extending 10 cm out of the water tipped by a large black cube (about 450 cm3). 

The location of the platform remained constant throughout training. Training 

consisted of 4 trials given in one day.  
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The behavior of the mice during the Morris water maze test was tracked 

by a commercial video monitoring apparatus and analyzed by the Noldus 

EthoVision XT 5.1 software (Noldus Information Technology). Mice were dried to 

keep them warm after each trial. They were removed from the water maze, 

placed on paper towels to dry them off, and into a specific drying cage with extra 

paper towels to help the drying process in order keep the mice warm. Significant 

differences between the genotypes were assessed using ANOVAs.  

3.5 Data Analysis 

3.5.1 Western blot Analysis 

Exposed X-Omat Blue films were scanned on a desktop scanner and the 

intensities of immunoreative bands were determined using NIH imageJ software.  

Mean intensities of immunoreactive bands normalized to wild type were 

compared between control and Rac1 deficient mice by one-way ANOVA (Prism, 

Graph Pad Software, San Diego, CA), followed by Tukey’s post hoc test. A p 

value ≤ 0.05 was considered statistically significant. Results are presented as 

percentage change in means ± S.E.M. 

3.5.2 Spine Analysis 

Dendrite and spine information traced in Neurolucida was tabulated and 

exported to Microsoft Excel through Neuro Explorer. Data from the same group of 

experiments was pooled together. Statistical significance was calculated using 
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one-way ANOVA (Prism, Graph Pad Software, San Diego, CA), with Dunnett's or 

Tukey's correction factor for multiple groups. Results are expressed as mean ± 

S.E.M, and considered statistically significant with p ≤ 0.05. 

 

3.5.3 Electrophysiology 

 Data for the electrophysiological experiments comparing the initial slope 

of the fEPSP at various time points before, during and after LTP and LTD 

inducing stimulation were collected using pClamp Version 10 and evaluated 

statistically with a one-way analysis of variance using the Turkey’s test or 

Student’s t-test.  

 

3.5.4 Behavioral Testing  

One-way ANOVA (Prism, Graph Pad Software, San Diego, CA), was used 

to compare the means of every behavioral parameter between controls and Rac1 

deficient mice, followed by Tukey’s post hoc test. Grub’s test was used to sort out 

statistical outliers. If Grub’s test indicated a statistical outlier at p≤0.05, data were 

excluded. Two-way ANOVA (Prism, Graph Pad Software, San Diego, CA) was 

specifically used to compare quadrant search time between the four quadrants of 

the Morris water maze. The results were considered statistically significant when 

p≤0.05. Results were expressed as mean ± S.E.M.  
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4. RESULTS  

4.1 Generation of a Hippocampal Rac1 Deficient Mouse 

4.1.1. Selective Disruption of Rac1 in the Hippocampus  

Rac1 is a critical protein for embryogenesis; hence its general deficiency 

causes embryonic lethality (Sugihara et al., 1998). As such, the Cre/Lox-P 

system was used to produce a mouse with selective disruption of the rac1 gene 

in the hippocampus of the mouse brain. Founders Rac1flox mice (Walmsley et al., 

2003) were crossed with transgenic brain-specific Cre recombinase mice (Cre 

T29-1 line) driven under the αCaMKII promoter (Tsien et al., 1996b) to produce 

the F1 generation. The F1 generation was back-crossed with the parental floxed 

Rac1 to produce the F2 generation. In the F2 generation, the presence or 

absence of the floxed rac1 alleles and cre transgene was determined by PCR 

using specific primers that identify floxed alleles of rac1 and cre loci.  Following 

PCR,  a 1.5% agarose gel (1.5 g agarose in 100ml of 1X TBE and 60μl of 2mg/ml 

Ethidium Bromide) was run in 1X TBE. Mice from the F2 generation showing 

bands for floxed rac1 alleles and cre transgene were considered as Rac1 

deficient (KO or Rac1 mutant). Those showing bands for one floxed rac1 allele, 

one wild type rac1 allele and cre gene were classified as heterozgotes littermates 

(HET, used as one control group). Mice  showing bands for wild type rac1 alleles 

or both rac1 and floxed alleles without cre were classified as wild type littermates 

(WT, used as control group as well) (Figure 7).  
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Figure 7: PCR identification of alleles of floxed Rac1 and αCaMKII driven     
Cre  
 
Wild type littermates (WT) show only the Rac1 band. Heterozygous littermates 
(HET) show the Cre band, Rac1 band and floxed Rac1 band. Rac1 deficient 
mice (KO) show the Cre band and the floxed Rac1 band.  
 
The Qiagen Kit was used to extract tail DNA from F2 mice. A PCR mix of 12ul 
was prepared according to the number of reactions. Ten microliters (10µl) of 
PCR mix was aliquotted into small PCR tubes and 2 µl of DNA was added. PCR 
was run using Cre specific primers and primers that identify floxed alleles of the 
rac1 locus under different thermal cycling conditions: annealing temperature for 
Cre=59°9.C; annealing temperature for fRac1=65°C. A 1.5% agarose gel (1.5g 
agarose in 100ml of 1X TBE and 60μl of 2mg/ml Ethidium Bromide) was run in 
1X TBE.  
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As shown in Figure 7, theoretically we were successful in the generation 

of a Rac1-deficient mouse. This mouse contains both the cre gene and floxed 

rac1 alleles. Looking at the inheritance pattern, we observed that the actual 

number of animals obtained for each genotype differed slightly from the 

estimated Mendelian inheritance, which should yield 50% wild type, 25% 

heterozygous and 25% Rac1 conditional knockout animals. In practice, the 

backcross protocol (F1 x parental floxRac1) followed to obtain these transgenic 

animals yielded 56% wild type, 19% heterozygous and 25% Rac1 knockout 

animals, as indicated in table 2A. Even though the actual inheritance pattern 

differed slightly from the expected, this backcross strategy was highly efficient 

compared with intercross of the F1 generation, a mating pattern followed by 

others to obtain similar transgenic animals. By following an intercross protocol 

(F1 x F1), the yield was 69% wild type, 19% heterozygous and 12% Rac1 

knockout animals as shown in table 2B. 
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A.  F2 generation mice produced through backcross mating 
     protocol between the F1 and the floxed Rac1 parental line  

 

        
 
 
 

    B.  F2 generation mice produced through intercross 
          mating  protocol between the F1 mice 
 

        
 
 

A. Inheritance pattern differed slightly in the backcross than expected. 
    As expected, backcross  produced more KO than intercross. 
 
B. Inheritance pattern differed slightly in the intercross than expected.  

Table 2: Mouse Breeding Strategy 
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4.1.2 Confirmation of the Creation of Hippocampal Rac1 Deficient Mouse 

4.1.2.1 In situ hybridization: Assessment of rac1 mRNA temporal ablation 

The presence of floxed rac1 and cre bands in one mouse is just an 

indication that, genetically, the mouse has been altered as desired and that 

temporally, Rac1 protein will be theoretically absent. However, as a first 

approach, assessment on the ablation of rac1 mRNA in the hippocampus by in 

situ hybridization using a biotin-labeled Rac1 oligoprobe was employed to assess 

the success of such a transgenic modification. As shown in Figure 8, in situ 

hybridization analysis showed that, in the Rac1 deficient ( Rac1flox/flox/Cre+ ) mice, 

Cre recombinase moderately deleted the floxed rac1 allele in the hippocampal 

CA1 area at three months of age. This reduction increased with age and became 

markedly reduced at six months of age, extending to other hippocampal areas 

such as the CA3/DG.  
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Figure 8: Expression of rac1 mRNA in the Hippocampus of Rac1 deficient  
mice  
 
In situ hybridization from brain sections of 1 - 6 months old Wild type littermates 
(WT) and Hippocampal Rac1-deficient mice (KO). Low power views of in situ 
hybridization of the hippocampus, show faint labeling indicating reduction of rac1 
mRNA from the CA1 of Rac1 deficient mice at three months as compared to the 
wild type control littermates. Reduction of rac1 mRNA was more apparent with 
age spreading to the CA3 and DG regions. Negative control panel refers to 
samples in which no Rac1 probe was used.  
 
Thin coronal brain sections (10-15 µm) were obtained on a cryostat at 20 °C. 
Sections were fixed in 4% formaldehyde/PBS for 1 hour followed by washing, 
acetylation and drying (see methods section for reagents). Hybridization was 
conducted at 42ºC under shaking and with addition of 100 µl of hybridization 
buffer (see methods section for reagents). Hybridization was followed by 
washing, blocking and tagging in Alkaline Phosphatase streptavadin (AP- 
streptavadin) as previously described n. Sections were then incubated in a pre-
mixed BCIP/NBT liquid substrate overnight at room temperature for detection of 
AP activity, followed by a washing step in TE buffer (10mM Tris-HCl pH 8.0, 
0.1mM EDTA) to stop AP activity. Slides were cover-slipped after addition of 
mounting medium and visualized. 
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4.1.2.2 Immunoblot analysis: Assessment of Rac1 protein temporal ablation 

Following the deletion of rac1 mRNA in the hippocampal CA1 area and 

CA3/DG, we looked at the levels of the Rac1 protein to confirm whether mRNA 

deletion was accompanied by protein loss. Immunoblot analysis was used to 

determine levels of Rac1 expression and assess the temporal pattern of this loss 

compared to disappearance of mRNA. Rac1 levels were determined in 1-6 

month old animals. One and two months old Rac1 deficient mice did not show 

significant lower levels of Rac1 compared to control mice (heterozygous [HET] 

and wild type [WT] littermates) in the CA1. However, this reduction increased 

significantly at three months and older in Rac1 deficient mice as compared to the 

these control mice (Figure 9). Furthermore, determination of total Rac1 in the 

hippocampal CA1 area normalized to percentage wild type (WT) control shows a 

statistically significant difference (one way ANOVA, p<0.05) in the protein levels 

from 2-6 months between parental lines and Rac1 mutant mouse, and from 3-6 

months between heterozygotes and Rac1 mutant mice  (Figure 10).  

In the CA3/DG, we observed that there was slight reduction of Rac1 in the 

mutant mouse starting at four months, which became significant at five and six 

months as compared to both control groups (Figure 11).  
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Figure 9: Protein levels of Rac1 in the mouse brain and peripheral organs 

Representative Immunoblot analysis of Rac1 showing distribution of Rac1 (10µg 
of protein per lane) in whole homogenates of the CA1, CA3/DG, cortex, 
cerebellum, brain stem, kidney, testis and ovaries. Antibodies against Tubulin 
(1:20,000) were used to demonstrate equal protein loading. Immunoblot analysis 
show marked reduction of Rac1 levels with age in the CA1 and CA3/DG, slight 
reduction in the cortex and no difference in the cerebellum, brain stem, kidney, 
testis and ovaries.  

Mice were euthanized by cervical dislocation. Tissue from different organs of 
interest was obtained and sonicated in homogenizing buffer complete (HBC) as 
described under the methods section.  Protein concentrations of samples were 
determined using the Bradford assay (Bradford, 1976). Equal amounts of protein 
(10µg of protein per lane) were separated on a 12% SDS-PAGE (sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis) followed by electrophoretic transfer to 
a 0.450.45µM PVDF (polyvinylidene difluoride) membrane.  Membranes were 
blocked in Tris-buffered saline with Tween 20 (TTBS, 50 mM Tris-HCl [pH 7.5-
8.0], 150 mM NaCl, and 0.1% Tween 20) containing 5% non-fat milk for 1 hour at 
room temperature and incubated in  Rac1 antibody (1:10,0000) from Millipore 
overnight at 4°C. Blots were washed in TTBS, incubated in anti-mouse 
secondary antibody (horseradish peroxidase-conjugated goat anti-mouse IgG 
(1:8,000) from Promega for 2 hours. Blots were then washed again and 
visualized by applying a mixture of enhanced chemiluminescence reagents (ECL 
1:1) exposing them to X-Omat Blue film and developing in an X-ray developer.  
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Figure 10:  Total Rac1 protein levels in the Hippocampal CA1 area of one to 
six months old mice  
 
Significant differences were observed between Rac1 deficient mice (KO) and the 
parental lines (WT) (*) from 2 months to 6 months, and Rac1 deficient and the 
heterozygotes (HET) (π) from three to six months [p≤0.05; F(2, 15)= 4.92 (2 
months); F(2, 15)= 55.41 (3 months); F(2, 15)= 53.67 (4 months);  F(2, 15)= 164.3 ( 5 
months);  F(2, 15)= 281.9 (6 months)]. No statistical significant difference was 
observed between the WT and HET. Data represent mean ± SEM. (n=6). 

Mice were euthanized by cervical dislocation. Brain was removed and sectioned. 
Hippocampal slices were extracted and sectioned into the CA1 and CA3/DG. The 
CA1 was sonicated in homogenizing buffer complete (HBC) as described under 
the methods section.  Protein concentrations of samples were determined using 
the Bradford assay (Bradford, 1976). Equal amounts of protein (10µg of protein 
per lane) were separated on a 12% SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) followed by electrophoretic transfer to a 
0.45µM PVDF (polyvinylidene difluoride) membrane.  Membranes were blocked 
in Tris-buffered saline with Tween 20 (TTBS, 50 mM Tris-HCl [pH 7.5-8.0], 150 
mM NaCl, and 0.1% Tween 20) containing 5% non-fat milk for 1 hour at room 
temperature and incubated in  Rac1 antibody (1:10,0000) from Millipore 
overnight at 4°C. Blots were washed in TTBS, incubated in anti-mouse 
secondary antibody (horseradish peroxidase-conjugated goat anti-mouse IgG 
(1:8,000) from Promega for 2 hours. Blots were then washed again and 
visualized by applying a mixture of enhanced chemiluminescence reagents (ECL 
1:1) exposing them to X-Omat Blue film and developing in an X-ray developer.  

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of total 
WT control. Differences in the amount of antibody binding between WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
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Figure 11: Total Rac1 protein levels in the CA3/DG of one to six months old 
mice 
 
Significant differences were observed between Rac1 deficient mice (KO) and the 
parental line (WT) (*), and heterozygotes (HET) (π) at five and six months. 
[p≤0.05, F(2, 15)= 10.1 (5 months), F(2, 15)= 100.8 (6 months)]. Data represent 
mean ± SEM (n=6). 

Mice were euthanized by cervical dislocation. Brain was removed and sectioned. 
Hippocampal slices were extracted and sectioned into the CA1 and CA3/DG. The  
CA3/DG was sonicated in homogenizing buffer complete (HBC) as described 
under the methods section.  Protein concentrations of samples were determined 
using the Bradford assay (Bradford, 1976). Equal amounts of protein (10µg of 
protein per lane) were separated on a 12% SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) followed by electrophoretic transfer to a 
0.45µM PVDF (polyvinylidene difluoride) membrane.  Membranes were blocked 
in Tris-buffered saline with Tween 20 (TTBS, 50 mM Tris-HCl [pH 7.5-8.0], 150 
mM NaCl, and 0.1% Tween 20) containing 5% non-fat milk for 1 hour at room 
temperature and incubated in  Rac1 antibody (1:10,0000) from Millipore 
overnight at 4°C. Blots were washed in TTBS, incubated in anti-mouse 
secondary antibody (horseradish peroxidase-conjugated goat anti-mouse IgG 
(1:8,000) from Promega for 2 hours. Blots were then washed again and 
visualized by applying a mixture of enhanced chemiluminescence reagents (ECL 
1:1) exposing them to X-Omat Blue film and developing in an X-ray developer.  

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding between WT, HET 
and Rac1 KO were evaluated statistically by One Way analysis of Variance 
(ANOVA) test. 
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Because the Cre mouse line used in this study has been previously 

described to produce a forebrain specific ablation of the protein of interest, 

verification of the Cre recombinase activity in other brain regions by assessing 

Rac1 levels was necessary in the cortex, cerebellum, and brain stem. 

Additionally, Rac1 protein levels were also determined in peripheral organs like 

kidneys, ovaries and testis. Rac1 levels were found to decrease slightly in the 

cortex at five and six months whilst nearly normal Rac1 levels were observed in 

the cerebellum and brain stem as well as in kidneys, testis and ovaries (Figures 

9,  12 and 13 ) confirming that the rac1 gene was only disrupted in the forebrain.  

All these findings confirm a later than expected onset of Cre recombinase 

expression, which in theory starts functioning three weeks after birth (Tsien et al., 

1996b). However, the delay in the expression of Cre recombinase in Rac1 

deficient mice offered a unique advantage, allowing for normal development of 

neonates in the presence of Rac1, and post developmental study of the role of 

Rac1 in adult mice. 

The further delay in the ablation of Rac1 from the CA3/DG and cortical 

areas (5 months) compared to the CA1 (3 months) offers ample window to 

explore the role of Rac1 in a specific area of the hippocampus, which has been 

associated to learning and memory events. 
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Taken together, these data indicate that the Cre/Lox-P system can be 

effectively used (Tsien et al., 1996a, 1996b) to generate mice with a conditional 

deletion of rac1 gene in the area CA1 of the mouse hippocampus.  
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Figure 12: Total Rac1 protein levels in the Cortex of one to six months old 
mice  
 
A slight reduction in Rac1 was observed in the cortex of Rac1 deficient mice 
(KO) at 4, 5, and 6 months. However one way ANOVA showed no significance 
difference between these KO and the WT and HET littermates. Data represent 
mean ± SEM. (n=6). 

Mice were euthanized by cervical dislocation. The brain was removed and 
sectioned. The cortex was obtained from brain slices and sonicated in 
homogenizing buffer complete (HBC) as described under the methods section.  
Protein concentrations of samples were determined using the Bradford assay 
(Bradford, 1976). Equal amounts of protein (10µg of protein per lane) were 
separated on a 12% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis) followed by electrophoretic transfer to a 0.45µM PVDF 
(polyvinylidene difluoride) membrane.  Membranes were blocked in Tris-buffered 
saline with Tween 20 (TTBS, 50 mM Tris-HCl [pH 7.5-8.0], 150 mM NaCl, and 
0.1% Tween 20) containing 5% non-fat milk for 1 hour at room temperature and 
incubated in  Rac1 antibody (1:10,0000) from Millipore overnight at 4°C. Blots 
were washed in TTBS, incubated in anti-mouse secondary antibody (horseradish 
peroxidase-conjugated goat anti-mouse IgG (1:8,000) from Promega for 2 hours. 
Blots were then washed again and visualized by applying a mixture of enhanced 
chemiluminescence reagents (ECL 1:1) exposing them to X-Omat Blue film and 
developing in an X-ray developer.  

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically with the aid of One Way analysis of 
Variance (ANOVA) test. 
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Figure 13: Total Rac1 protein levels in the Brain stem (A), Cerebellum (B), 
Kidney (C), Ovaries (D), and Testis (E) of one to six months old mice 
 
No reduction in Rac1 was observed in the Brain stem, Cerebellum, Kidney, 
ovaries and Testis of Rac1 deficient mice (KO) from one to six months old as 
compared to the wild type littermates. Data represent mean ± SEM. (n=6). 

Mice were euthanized by cervical dislocation. The brain stem, cerebellum, 
kidneys, ovaries and testis were extracted and sonicated in homogenizing buffer 
complete (HBC) as described under the methods section.  Protein concentrations 
of samples were determined using the Bradford assay (Bradford, 1976). Equal 
amounts of protein (10µg of protein per lane) were separated on a 12% SDS-
PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) followed by 
electrophoretic transfer to a 0.45µM PVDF (polyvinylidene difluoride) membrane.  
Membranes were blocked in Tris-buffered saline with Tween 20 (TTBS, 50 mM 
Tris-HCl [pH 7.5-8.0], 150 mM NaCl, and 0.1% Tween 20) containing 5% non-fat 
milk for 1 hour at room temperature and incubated in  Rac1 antibody (1:10,0000) 
from Millipore overnight at 4°C. Blots were washed in TTBS, incubated in anti-
mouse secondary antibody (horseradish peroxidase-conjugated goat anti-mouse 
IgG (1:8,000) from Promega for 2 hours. Blots were then washed again and 
visualized by applying a mixture of enhanced chemiluminescence reagents (ECL 
1:1) exposing them to X-Omat Blue film and developing in an X-ray developer.  

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
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4.1.2.3 Immunohistochemistry 

To confirm Rac1 removal from the hippocampal area, a third technique 

was used to complement the findings obtain using in situ hybridization and 

immunoblotting. Immunohistochemistry was used to visually detect Rac1 protein 

in the hippocampal CA1 area. To probe for Rac1 in tissue samples, thin coronal 

brain sections (10-15µm) were incubated first in Rac1 primary antibody (1:100) 

for 24 hours at 4°C, followed by  Alexa Fluor 488 anti-mouse secondary antibody 

(green) for 2 hours at room temperature (in the dark). Additionally, sections were 

incubated in DAPI stain (blue) for 15 minutes in the dark to visualize the nuclear 

area of the Rac1 stained neurons. Sections were then washed and allowed to air 

dry. An aqueous mounting medium suitable for fluorescence was applied, and 

slides were coversliped, sealed and imaged. Figure 14 depicts a representative 

picture of a magnified view of immnunoflorecent stained brain sections of the 

CA1 of six months old mice. Green staining (indicative of Rac1) is diminished in 

the Rac1 mutant (KO) as compared to the wild type (WT) and does not colocalize 

with the blue staining (DAPI staining indicative of nuclear area), suggesting 

possibly a dendritic localization of Rac1. The highly significant reduction of Rac1 

protein in the CA1 at six months confirms the results obtained by Western blot 

analysis (Figures 9 and 10).  
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Figure 14: Levels of Rac1 in the CA1 of the mouse brain by 
immunohistochemical determination 
 
Representative picture of a magnified view of immnunoflorecent stained brain 
sections of the CA1 of six months old mice. Green staining (indicative of Rac1) is 
diminished in the Rac1 deficient (KO) as compared to the wild type (WT). Blue 
staining (DAPI indicative of nucleus) does not colocalize with presence of Rac1.  
 
Thin coronal brain sections (10-15 µm) were obtained on a cryostat at 20 °C. 
Sections were fixed in 4% formaldehyde/PBS for 1 hour, washed in PBS, 
incubated in 0.2% Triton to increase permeability, rinsed and air dried. Sections 
were then incubated in Rac1 primary antibody (1:100) for 24 hours in a 
humidified container at 4°C. Sections were washed and first incubated with Alexa 
Fluor 488 anti-mouse secondary antibody (green) for 2 hours at room 
temperature in a humidified container in the dark followed by a second wash and 
incubation in DAPI stain (blue) for 15 minutes in the dark. Finally, sections were 
washed and allowed to air dry. An aqueous mounting medium suitable for 
fluorescence was applied. Slides were coversliped, sealed and imaged using a 
fluorescence microscope. 
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4.1.3 Ablation of Rac1 in the Hippocampal CA1 area was not compensated 

by the up-regulation of other related small GTPases 

Compensation by other genes and other biological mechanisms may 

restore the function of a mutated gene. Western blot analysis was used to 

examine the possibility that other related small GTPases from the same family 

(Cdc42, RhoA, RhoB) were up-regulated in these Rac1 deficient mice to 

compensate for the loss of Rac1 protein. Antibodies that detect these proteins 

were used for immunobloting. As shown in Figures 15, 16, and 17, levels of 

Cdc42, RhoA and RhoB were similar in all groups, the control animals and the 

Rac1 deficient mice. Therefore, there seemed to be no up-regulation of Cdc42, 

RhoA or RhoB upon ablation of the related small GTPase Rac1 from the 

hippocampus.  
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   A. Representative Western blots showing Cdc42 levels in some brain regions of  
        control mice (WT and HET) and Rac1 deficient mice (KO) 
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     B. Normalized total Cdc42 expression in the hippocampal CA1 area  
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Figure 15: Levels of Cdc42 in the brain of control and Rac1 deficient mice 
 
A) Representative Western Blot analysis showing the expression of Cdc42 in 

the brain of controls (WT and HET) and Rac1 deficient mice (KO) (CA1, 
CA3/DG, Cortex, Cerebellum, and brain stem). Tubulin antibody (1:20000) 
was used to show equal protein loading.  
 

B) Normalized total Cdc42 expression in the hippocampal CA1 area of one to 
six months old mice. No significance difference was observed between 
controls (WT, the HET) and Rac1 deficient mice (KO) at the different time 
points of the study. Data represent mean ± SEM. (n=6). 

Mice were euthanized through cervical dislocation. Tissue from different organs 
of interest was obtained and sonicated in homogenizing buffer complete (HBC) 
as described under the methods section.  Protein concentrations of samples 
were determined using the Bradford assay (Bradford, 1976). Equal amounts of 
protein (10µg of protein per lane) were separated on a 12% SDS-PAGE (sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis) followed by electrophoretic 
transfer to a 0.45µM PVDF (polyvinylidene difluoride) membrane.  Membranes 
were blocked in Tris-buffered saline with Tween 20 (TTBS, 50 mM Tris-HCl [pH 
7.5-8.0], 150 mM NaCl, and 0.1% Tween 20) containing 5% non-fat milk for 1 
hour at room temperature and incubated in Cdc42 antibody (1:1000) from Cell 
Signaling overnight at 4°C. Blots were washed in TTBS, incubated in anti-rabbit 
secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG 
(1:5,000) from Promega for 2 hours. Blots were washed again and visualized by 
applying a mixture of enhanced chemiluminescence reagents (ECL 1:1) exposing 
them to X-Omat Blue film and developing in an X-ray developer.  

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
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A. Representative Western blots showing RhoA levels in some brain regions of  
          control mice (WT and HET) and Rac1 deficient mice (KO) 
 
 

 
 
 
 
 

        B. Normalized total RhoA expression in the hippocampal CA1 area  
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Figure 16: Levels of RhoA in the brain of control and Rac1 deficient mice  
 
A) Representative Western Blot analysis showing the expression of RhoA in the 

brain of control and Rac1 deficient mice (CA1, CA3/DG, Cortex, Cerebellum, 
and brain stem). Tubulin antibody (1:20000) was used to show equal protein 
loading.  

 
B) Normalized total RhoA expression in the hippocampal CA1 area of one to six 

months old mice. No significance difference was observed between controls 
(WT, the HET) and Rac1 deficient mice (KO) at the different time points of 
the study. Data represent mean ± SEM. (n=6). 

Mice were euthanized through cervical dislocation. Tissue from different organs 
of interest was obtained and sonicated in homogenizing buffer complete (HBC) 
as described under the methods section.  Protein concentrations of samples 
were determined using the Bradford assay (Bradford, 1976). Equal amounts of 
protein (10µg of protein per lane) were separated on a 12% SDS-PAGE (sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis) followed by electrophoretic 
transfer to a 0.45µM PVDF (polyvinylidene difluoride) membrane.  Membranes 
were blocked in Tris-buffered saline with Tween 20 (TTBS, 50 mM Tris-HCl [pH 
7.5-8.0], 150 mM NaCl, and 0.1% Tween 20) containing 5% non-fat milk for 1 
hour at room temperature and incubated in RhoA antibody (1:1000) from Cell 
Signaling overnight at 4°C. Blots were washed in TTBS, incubated in anti-rabbit 
secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG 
(1:5,000) from Promega for 2 hours. Blots were washed again and visualized by 
applying a mixture of enhanced chemiluminescence reagents (ECL 1:1) exposing 
them to X-Omat Blue film and developing in an X-ray developer.  

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
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  A. Representative Western blots showing RhoB levels in some brain regions of  
       control mice (WT and HET) and Rac1 deficient mice (KO) 
 
 

  
 
 
 
  B. Normalized total RhoB expression in the hippocampal CA1 area  
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Figure 17: Levels of RhoB in the brain of control and Rac1 deficient mice 

A) Representative Western Blot analysis showing the expression of RhoB in the 
brain of control and Rac1 deficient mice (CA1, CA3/DG, Cortex, Cerebellum, 
and brain stem). Tubulin antibody (1:20000) was used to show equal protein 
loading.  

 
B) Normalized total RhoB expression in the hippocampal CA1 area of one to six 

months old mice. No significance difference was observed between controls 
(WT, the HET) and Rac1 deficient mice (KO) at the different time points of 
the study. Data represent mean ± SEM. (n=6). 

Mice were euthanized through cervical dislocation. Tissue from different organs 
of interest was obtained and sonicated in homogenizing buffer complete (HBC) 
as described under the methods section.  Protein concentrations of samples 
were determined using the Bradford assay (Bradford, 1976). Equal amounts of 
protein (10µg of protein per lane) were separated on a 12% SDS-PAGE (sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis) followed by electrophoretic 
transfer to a 0.45µM PVDF (polyvinylidene difluoride) membrane.  Membranes 
were blocked in Tris-buffered saline with Tween 20 (TTBS, 50 mM Tris-HCl [pH 
7.5-8.0], 150 mM NaCl, and 0.1% Tween 20) containing 5% non-fat milk for 1 
hour at room temperature and incubated in RhoB antibody (1:1000) from Cell 
Signaling overnight at 4°C. Blots were washed in TTBS, incubated in anti-rabbit 
secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG 
(1:5,000) from Promega for 2 hours. Blots were washed again and visualized by 
applying a mixture of enhanced chemiluminescence reagents (ECL 1:1) exposing 
them to X-Omat Blue film and developing in an X-ray developer.  

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
 



103 

 

4.1.4 Gross development of the Rac1 deficient mouse 

4.1.4.1 Loss of Hippocampal Rac1 did not affect gross development of the 

mouse 

Rac1 deficient mice (1-6 months old) were observed daily for irregular 

behavior and/or developmental abnormalities such as retarded or excessive 

growth. Phenotypically, as compared to their control counterparts, Rac1 deficient 

mice developed normally from birth to adults, displaying no gross visible physical 

or behavioral abnormalities. No significant difference in weight was observed 

between the Rac1 deficient mice and their wild type littermates. Furthermore, the 

brains of Rac1 deficient mice did not show any apparent deformity or weight 

fluctuation (Figure 18). 

 

4.1.4.2 Loss of Rac1 did not affect Gross Hippocampal morphology  

 To determine whether loss of hippocampal Rac1 caused any deformities 

or apparent loss of cellular mass, Nissl (cresyl violet) staining was used to 

compare the gross morphology of the hippocampus of Rac1 mutant mice to that 

of their wild type littermates. Thin coronal brain sections (10-15µm) were 

obtained on a cryostat at 20 °C. Sections were fixed in 4% formaldehyde/PBS for 

30 minutes, soaked in various concentrations of alcohol (95% ethanol for 15 min, 

70% ethanol for 1 min, and 50% ethanol for 1 min), rinsed in distilled water and 

submerged in Cresyl Violet stain for cell body staining as described under the 
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methods section. Sections were visualized on a confocal microscope (Olympus 

FluoView Version 1.7C, FV 1000) searching for differences between the wild type 

and the Rac1 mutant mice. Results of Nissl stained hippocampi of one to six 

months Rac1 deficient mice and a wild type control are presented in Figure 19. 

As seen in Figure 19, Rac1-deficient mice presented apparent normal 

hippocampal morphology as compared to control mice. These results indicate 

that the loss of Rac1 did not cause any deformities on the gross morphology of 

the hippocampus.  
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Pictures depicting 3 months old wild type 
and Rac1 deficient mice together with their brains 
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Figure 18: Pictures depicting 3 months old wild type and Rac1 deficient 
mice together with their brains 
 
Phenotypically, Rac1 deficient mice developed normally showing no apparent 
difference in body size and weight. Moreover, brain size and weight did not differ 
from their wild type counterparts. 
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Hippocampal morphology of Rac1 
deficient mice compared to control mice 
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Figure 19: Hippocampal morphology of Rac1 deficient mice compared to 
control mice 
 
Representative cresyl violet staining of hippocampal cell bodies showing 
hippocampal morphology (1-6 months old) of Rac1 deficient mice (KO) and wild 
type littermate control (WT, 3 months old).  
 
Thin coronal brain sections (10-15µm) were obtained on a cryostat at 20 °C. 
Sections were fixed in 4% formaldehyde/PBS for 30 minutes, soaked in various 
concentrations of alcohol (95% ethanol for 15 min, 70% ethanol for 1 min, and 
50% ethanol for 1 min), and rinsed in distilled water (once for 2 min and once for 
1 min). Sections were submerged in Cresyl Violet Stain (cell body staining), for 2 
minutes, rinsed in distilled water for 1 minute, then soaked in various 
concentrations of alcohol again (50% ethanol for 1 min, 70% acid ethanol (2 ml 
glacial acetic acid in 200 ml 70% ethanol) for 2 min, 95% ethanol for 2 min, few 
dips in 95% ethanol, and 100% ethanol for 1 minutes). Finally, sections were 
submerged in Histoclear (clearing agent) for 5 min to clear unstained parts of the 
tissue. Mounting medium was applied on every section and a coverslip was 
placed on the slide to hold the sections in place for visualization on a confocal 
microscope (Olympus FluoView Version 1.7C, FV 1000). 
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4.2 Requirement of Rac1 in dendritic spine morphology and plasticity 

4.2.1 Involvement of Rac1 in spine morphogenesis  

Dendritic spines are actin rich protrusions widely recognized as the 

primary recipients of excitatory inputs in the central nervous system (Harris, 

1999; Kandel, 2000; Nimchinsky et al., 2002; Wong and Ghosh, 2002; Matsuzaki 

et al., 2004; Tolias et al., 2005; Gao et al., 2007). In this respect, dendritic spine 

morphogenesis is very important in synaptic development and plasticity (Penzes 

et al., 2003). Spine morphogenesis is actin-dependent and so requires a very 

dynamic actin cytoskeleton (Calabrese et al., 2006) to drive the process of actin 

polymerization. Indeed, actin polymerization is the driving force that underlies 

spine morphogenesis. Since Rac1 is a key regulator of the actin cytoskeleton  in 

many types of cells (Ridley and Hall, 1992; Luo 2000), it is reasonable to 

hypothesize that Rac1 might be involved in the dendritric spine morphogenesis, 

since it involves rearrangement of the actin cytoskeleton. To test whether control 

and Rac1-deficient mice present differences in neuronal morphology in the CA1 

area of the hippocampus that can be attributed to lack of this protein, brains from 

Rac1-deficient mice and littermate controls at different stages of development (1, 

2, 3, 4, 5 and 6 months of age) were put through the Golgi-Cox staining process 

for neurons. Dendrite and dendritic spine analysis was performed as described in 

the methods section.  
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Figure 20-panels A1, A2; B1, B2; C1, C2; D1, D2; E1, E2; F1 and F2 

present the morphology of neurons in the CA1 (10X), while  A3, A4; B3, B4; C3, 

C4; D3, D4; E3, E4; F3 and F4 show a close up of a dendritic branch  (100X). 

Our results indicate that at one month of age, there seemed to be no apparent 

differences in either the morphology of the neurons in the CA1 area (Figure 20-

A1 and A2) or the spine density (Figure 20-A1 and A2; Figure 21A and B) on 

Rac1 deficient mice compared to their wild type littermates. At two months of age 

(Figure 20-B1 and B2) there seemed to be no obvious difference in the 

morphology of neurons in the CA1 of Rac1 deficient mice and their wild type 

littermates. However, there was a slight reduction in spine density (Figure 20-B3 

and B4; Figure 21A and B). At three months and four months, some slight  

differences in the spine morphology of the CA1 pyramidal neurons of the Rac1 

mutant were observed as compared to the wild type control (Figure 20-C1, C2, 

D1 and D2). However, at five and six months, Rac1 deficient mice showed 

aberrant dendritic spine morphology in the CA1 area (Figure 20-E1, E2, F1 and 

F2). Remarkably, from three months to six months of age, Rac1 deficient mice 

showed significantly reduced spine density as compared to their control 

littermates (Figure 20-C3,C4, D3, D4, E3, E4, F3, and F4; Figure 21-A and B). 

Interestingly, the time of commencement of abnormal dendritic branching and 

reduction of spines corresponded with the time of loss of Rac1 in the 

hippocampal area CA1 as shown by in situ hybridization, immunoblotting and 
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immunohistochemistry analysis. This could therefore be a clear indication that 

Rac1 is involved in dendritic spine development and pruning.  
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Involvement of Rac1 in neuronal dendritic spine morphogenesis 
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Figure 20: Involvement of Rac1 in neuronal dendritic spine morphogenesis 
 
Golgi-Cox impregnated pyramidal neurons in the hippocampal CA1 of one to six 
months Rac1deficient mice and their control littermates.   
Panels A1, A2; B1, B2; C1, C2; D1, D2; E1, E2;  F1 and F2  illustrate the 
morphology of pyramidal neurons in the CA1 (10X). Dendritic branching of these 
pyramidal neurons in the Rac1 deficient mice, is almost similar to that of the wild 
type from one to four months, but at five and six months the dendritic 
arborizations seems aberrant and reduced as compared to the wild type. 
 
 Panels A3, A4; B3, B4; C3, C4; D3, D4; E3, E4; F3 and F4 show a close up of 
an isolated dendritic branch (100X). At one month, no apparent difference in 
spine density was observed between the wild type and the Rac1 deficient mouse. 
At two months, there was a slight reduction in spine density. At three months and 
older, there is a significant reduction in spine density. 
 
Mice were sacrificed and their brains quickly removed and incubated in 
impregnation solution (fixative), for 2 weeks in the dark at room temperature. 
Brains were transferred into Solution C and stored at 4˚C for one week in the 
dark. Brains were snapped frozen in cold isopentene on dry ice for 30 minutes 
and stored in -80°C. Brain sections (60-100 µm) were obtained from fixed brains 
imbedded in Tissue-Tek Optimal Cutting Temperature (O.C.T.) on a cryostat set 
at -32˚C. Sections were collected on already labeled cold microscope slides, a 
drop of Solution C was added to each section and they were allowed to air dry. 
Sections were washed and incubated in a staining solution composed of 1 part 
Solution D, 1 part Solution E and 2 parts distilled water for 10 minutes. Staining 
was followed by washing and dehydating in various concentrations of ethanol. 
Sections were cleared in xylene 3 times, for 4 minutes each followed by 
mounting using a resinous mounting medium (Permount). Coverslips were 
placed on the slide to hold sections in place for visualization and nail hardener 
was used to seal the slides to avoid drying. Pictures were obtained with an 
Olympus BX51WI Microscope with Spinning Disk Confocal (DSU) and 
Hamamatsu ORCA-ER Deep Cooled Camera.  
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A. Traced spines from one to six months old mice 
 

 
 
         Yellow= Filopodia; Green= Stubby; Red= Thin; Blue= Mushroom; Orange= Branched; Purple= Detached 
 

 
 

B. Spine density of CA1 pyramidal neurons  
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Figure 21: Involvement of Rac1 in modulation of Spine density  
 

A. Traced dendrites of CA1 pyramidal neurons (1-6 months old) in mice.  
Lose of spines is general, and is not attributed to one type of spines.  
Yellow= Filopodia; Green= Stubby; Red= Thin; Blue= Mushroom; Orange= 
Branched; Purple= Detached 
 

B. Spine density of CA1 pyramidal neurons (1-6 months old) in wild type and 
Rac1 deficient mice. (*) indicates significant differences observed between 
Rac1 deficient mice (KO) and the wild type (WT). Data represent mean ± 
SEM. (n=4). 
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4.2.2 Involvement of the Rac1 Pathway towards Spine Development (actin 

dynamics-dependent formation of dendritic spines) 

As a signaling molecule, Rac1 acts through several signaling pathways to 

effect its functions. Rac1 regulates transcription by activating the ERK1/2 

signaling pathways (Forst, 1997; Li et al., 2001) and actin cytoskeleton 

reorganization through phosphorylation of the p21 activated kinase (PAK) 

(Bokoch, 2003). After determining that loss of Rac1 causes reduction in dendritic 

spine density, the next logical step was to look at the signaling pathway through 

which Rac1 acts to cause actin remodeling. Since Rac1 is a key regulator of the 

actin cytoskeleton and involved in actin polymerization (necessary for spine 

morphogenesis), we looked at several downstream effectors of Rac1 which are 

also involved in actin dynamics and transcription. Loss of Rac1 had no effect on 

the expression of total and phosphorylated form of ERK, which is involved in the 

transcription pathway (Figure 22A and B). Likewise, loss of Rac1 did not affect 

levels of total PAK-1 (Figure 23A), total LIMK-1 (Figure 24A) and Cofilin (Figure 

25A). However, the loss of Rac1 led to a significant reduction in the levels of 

phospho-PAK-1 (p-PAK-1; Figure 23B), phospho-LIMK-1 (p-LIMK-1; Figure 24B) 

and phospho-Cofilin-1 (p-Cofilin-1; Figure 25B). Under normal conditions, GTP 

bound Rac1 phosphorylates and activates PAK-1. Activated PAK-1 

phosphorylates and activates LIMK-1, which, in turn, phosphorylates Cofilin-1 at 

Serine 3. Phosphorylation of Cofilin-1/ADF inhibits effective binding to F-actin, 
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and consequently inhibits their ability to catalyze F-actin depolymerization and 

severing (Morgan et al., 1993; Bokoch, 2003), thereby promoting actin 

polymerization. This normal signaling pathway seems to be intact in the wild type 

control where we find a higher spine density compared to the mutant mouse. 

However in the Rac1 deficient mouse, the reduction of phospho-PAK-1 as result 

of loss of Rac1, caused a reduction in phospho-LIMK-1 (Cofilin-1 kinase), 

possibly leading to inhibition of the phosphorylation of Cofilin-1/ADF with the net 

result being promotion of  binding to actin monomers and actin-depolymerizing 

activity (Figure 26), in other words removal or pruning of dendritic spines. 
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        A. Total ERK (T-ERK) in the hippocampal CA1 
 

        
 

 

 

         B. Phospho-ERK (p-ERK) in the CA1 hippocampal CA1 
 

         
 

 

 

C. Phospho-ERK to total ERK Ratio in the hippocampal CA1 
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Figure 22: Levels of ERK in the brain of controls and Rac1 deficient mice 
 
A) Representative Western blot analysis showing the expression of total ERK  

and normalized total ERK levels in the Hippocampal CA1 area of one to six 
months old controls (wild type and heterozygotes) and Rac1 deficient mice. 
Tubulin antibody (1:20000) was used to show equal protein loading. No 
significance difference was observed between the wild type (WT), the 
heterozygotes and (HET) and the Rac1 mutant (KO) at the different time 
points of the study. Data represent mean ± SEM. (n=6). 
 

B)  Representative Western blot analysis showing expression of phospho-ERK 
(p-ERK) and normalized p-ERK levels in the Hippocampal CA1 area of one to 
six months old controls (wild type and heterozygotes) and Rac1 deficient 
mice. Tubulin antibody (1:20000) was used to show equal protein loading. No 
significance difference was observed between the wild type (WT), the 
heterozygotes and (HET) and the Rac1 mutant (KO) at the different time 
points of the study. Data represent mean ± SEM. (n=6). 

 
C) Normalized p-ERK expressed as a ratio of total ERK in the hippocampal CA1 

area of one to six months old controls (wild type and heterozygotes) and 
Rac1 deficient mice. No significant differences were observed between Rac1 
deficient mice (KO) and the control mice. Data represent mean ± SEM. (n=6). 

 
Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
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           A. Total PAK-1 (T-PAK-1) in the hippocampal CA1  
 

           
           

 

 
           B.  Phospho-PAK -1 (p-PAK-1) in the hippocampal CA1                   
 

         
 

 

 

            C. Phospho-PAK-1 to Total PAK-1 Ratio in the Hippocampal CA1 
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Figure 23: Levels of PAK-1 in the brain of controls and Rac1 deficient mice 
 

A) Representative Western blot analysis showing the expression of total 
PAK-1 and normalized total PAK levels in the Hippocampal CA1 area of 
one to six months old controls (wild type and heterozygotes) and Rac1 
deficient mice. Tubulin antibody (1:20000) was used to show equal protein 
loading. No significance difference was observed between the wild type 
(WT), the heterozygotes and (HET) and the Rac1 mutant (KO) at the 
different time points of the study. Data represent mean ± SEM. (n=6).  

 
B) Representative Western blot analysis showing expression of phospo PAK-

1 (p-PAK-1) and normalized p-PAK-1 levels in the hippocampal CA1 area 
of one to six months old controls (wild type and heterozygotes) and Rac1 
deficient mice. Tubulin antibody (1:20000) was used to show equal protein 
loading.  Significant differences were observed between Rac1 deficient 
mice (KO) and the wild type (*), and heterozygotes (π) at three, four, five 
and six months. (p≤0.05, n=6, F(2, 15)= 6.832 (3months); F(2, 15)= 15.65(4 
months); F(2, 15) =47.04 (5 months), F(2, 15)= 60.66 (6 months). Data 
represent mean ± SEM. (n=6).  
 

C) Normalized p-PAK-1 expressed as a ratio of total PAK-1 in the 
Hippocampal CA1 area of one to six months old controls (wild type and 
heterozygotes) and Rac1 deficient mice. Significant differences were 
observed between Rac1 deficient mice (KO) and the wild type (*), and 
heterozygotes (π) at four, five and six months. (p≤0.05, F(2, 15) = 6.86 (4 
months); F(2, 15) = 23.93 (5 months); F(2, 15) = 52.90 (6 months). Data 
represent mean ± SEM. (n=6). 

 
 Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
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           A. Total LIMK-1 (T-LIMK-1) in the Hippocampal CA1 
 

    
 

 
 

             B. Phospho-LIMK-1 (p-LIMK-1) in the hippocamapal CA1 
 

      
   

 
 

            C. Phospho-LIMK-1 to total LIMK-1 Ratio in the hippocampal CA1 
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Figure 24: Levels of LIMK-1 in the brain of controls and Rac1 deficient mice 
 

A) Representative Western blot analysis showing the expression of total 
LIMK-1 and normalized total LIMK-1 levels in the Hippocampal CA1 area 
of one to six months old controls (wild type and heterozygotes) and Rac1 
deficient mice. Tubulin antibody (1:20000) was used to show equal protein 
loading. No significance difference was observed between the wild type 
(WT), the heterozygotes and (HET) and the Rac1 mutant (KO) at the 
different time points of the study. Data represent mean ± SEM. (n=6). 

 
B) Representative Western blot analysis showing expression of phosphor-

LIMK-1 (p-LIMK-1) and normalized p-LIMK-1 levels in the Hippocampal 
CA1 area of one to six months old controls (wild type and heterozygotes) 
and Rac1 deficient mice. Tubulin antibody (1:20000) was used to show 
equal protein loading.  Significant differences were observed between 
Rac1 mutant and the wild type (*), and heterozygotes (π) at three, four, 
five and six months. (p≤0.05, F(2, 15)= 21.58 (3months); F(2, 15)= 36.88 (4 
months); F(2, 15) =105.2 (5 months); F(2, 15)= 119.9 (6 months). Data 
represent mean ± SEM. (n=6). 

 
C) Normalized p-LIMK-1 expressed as a ratio of total LIMK-1 in the 

Hippocampal CA1 area of one to six months old controls (wild type and 
heterozygotes) and Rac1 deficient mice. Significant differences were 
observed between Rac1 mutant and the wild type (*), and heterozygotes 
(π) at four, five and six months. (p≤0.05, F(2, 15)= 18.29 (4 months); F(2, 15)= 
50.3 (5 months); F(2, 15)= 65.40 (6 months). Significant difference was 
observed between the heterozygotes and the Rac1 deficient at three 
months. Data represent mean ± SEM. (n=6). 
 

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
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           A.  Total Cofilin-1 (T-Cofilin-1) in the hippocampal CA1 
 

         
 

 

 

         B.   Phospho-Cofilin-1 (p-Cofilin-1) in the hippocampal CA1 
   

       
 

 

 

           C. Phospho-Cofilin-1 to total Cofilin Ratio in the hippocampal CA1 
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Figure 25: Levels of Cofilin in the brain of controls and Rac1 deficient mice 
 

A) Representative Western blot analysis showing the expression of total 
Cofilin-1 and normalized total Cofilin-1 levels in the Hippocampal CA1 
area of one to six months old controls (wild type and heterozygotes) and 
Rac1 deficient mice. Tubulin antibody (1:20000) was used to show equal 
protein loading. No significance difference was observed between the wild 
type (WT), the heterozygotes and (HET) and the Rac1 mutant (KO) at the 
different time points of the study. Data represent mean ± SEM. (n=6). 

 
B) Representative Western blot analysis showing expression of phospho-

Cofilin-1 (p-Cofilin-1) and normalized p-Cofilin-1 levels in the Hippocampal 
CA1 area of one to six months old controls (wild type and heterozygotes) 
and Rac1 deficient mice. Tubulin antibody (1:20000) was used to show 
equal protein loading. Significant differences were observed between 
Rac1 mutant and the wild type (*), and heterozygotes (π) at three, four, 
five and six months. (p≤0.05, F(2, 15)= 24.3 (3months); F(2, 15)= 49.5 (4 
months); F(2, 15)= 82.93 F(2, 15)= (5 months); F(2, 15)= 109.3 (6 months). Data 
represent mean ± SEM. (n=6). 

 
C) Normalized p-Cofilin expressed as a ratio of total Cofilin-1 in the 

Hippocampal CA1 area of one to six months old controls (wild type and 
heterozygotes) and Rac1 deficient mice. Significant differences were 
observed between Rac1 mutant and the wild type (*), and heterozygotes 
(π) at three months, four, five and six months. (p≤0.05, F(2, 15)= 29.4 
(3months); F(2, 15)= 29.55 (4 months); F(2, 15)= 29.03 (5 months); F(2, 15)= 
109.9 (6 months).  
 

Densitometric measurements of samples were performed using the NIH ImageJ 
software as a ratio of the loading control and expressed as percentage of WT 
total control. Differences in the amount of antibody binding among WT, HET and 
Rac1 KO were evaluated statistically by One Way analysis of Variance (ANOVA) 
test. 
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Rac1/PAK-1-regulated actin pathway showing involvement of  
Rac1 in spine morphogenesis 
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Figure 26: Rac1/PAK-1-regulated actin pathway investigated to decipher 
the involvement of Rac1 in spine morphogenesis 
 
Rac1-GTP activates PAK-1. Active PAK-1 (p-PAK-1) phosphorylates and 
activates LIMK-1 and p-LIMK-1, in turn, phoshorylates Cofilin-1. Phosphorylated  
Cofilin-1 (p-Cofilin) cannot bind to F-actin to catalyze  F-actin depolymerization 
and severing thereby promoting polymerization increasing spine formation.  
 
In the absence of Rac1, p-PAK-1, p-LIMK-1 and p-Cofilin-1 are reduced, and 
consequently Cofilin and F-actin can freely bind promoting depolymerzation and 
a net effect of spine reduction. 
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4.2.3 Involvement of Rac1 in long-term Synaptic Plasticity 

Many laboratories have reported a strong correlation between long-term 

plasticity (LTP and LTD) and dendritic spine cytoarchitecture. LTP has been 

reported to be a model form of synaptic plasticity (Nedivi et al., 1993; Qian et al., 

1993; Yamagata et al., 1993; Matsuo et al., 2000; Yamazaki et al., 2001). Long-

term depression (LTD) is considered a similar phenomenon that moves in the 

opposite direction. LTD expression involves also formation and elimination of 

synaptic structures. To investigate whether the loss of Rac1 and the reduction in 

spine density affected synaptic plasticity, in a parallel study to this dissertation 

that used the animal model here described, LTP and LTD were induced, and 

electrophysiological measurements obtained (Tejada-Simon and Bongmba, 

2012). 

Because genetic manipulation can result in altered neuronal transmission 

capabilities, basal synaptic transmission was first assessed by the input/output 

(I/O) relationship between the stimulus strength (0-15mV) and the corresponding 

fEPSP amplitude. I/O was also used to determine the stimulus intensity (30-50% 

of the max response) applied during baseline recordings. Additionally, Paired-

pulse facilitation (PPF) was measured using 50-300ms intervals, where points 

represent the ratio of response 2 to that of the response 1. PPF is routinely used 

as a measure of presynaptic function resulting from residual calcium in the 

presynaptic terminal. I/O curves showed no shift in the response obtained from 
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Rac1 mutant hippocampal slices compared with slices from littermate controls. 

When examining PPF, we found it to be normal compared with control slices. 

These data suggest that the loss of Rac1 in the hippocampus does not affect 

basal synaptic transmission, thus, if differences were to be found between wild 

type and genetically altered animals, those could not be attributed to a difference 

in synaptic properties or alterations in the presynaptic component of the signal 

transmission.  

LTP was then induced through high frequency stimulation in age matched 

hippocampal slices (400 µm) obtained from wild type and Rac1 deficient mice as 

described under the methods section. The Schaffer/Commissural pathway in the 

CA1 was stimulated and excitatory postsynaptic potentials (fEPSPs) were 

measured in CA1 pyramidal neurons before and after the application of four 

trains of high frequency electrical stimulation at 100 Hz (given five minutes 

apart). In this parallel study, it was observed that LTP was induced in 

hippocampal slices of wild type and Rac1 mutant mice. However, the magnitude 

of the induction was higher in the wild type as compared to the Rac1 mutant. The 

fEPSP slope increased from 100 (baseline) to 280 in the wild type while that of 

Rac1 deficient increased to 180 after the last high frequency stimulation. In 

addition, after the fourth HFS, the fEPSP slope for the wild type was reduced 

slightly and was maintained at about 200, while that of the Rac1 deficient fell to 

slightly above baseline values as measured one and half hours after last HFS. 
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These findings demonstrate that loss of Rac1 in the CA1 impairs LTP (Tejada-

Simon and Bongma, 2012). 

 The second major form of long-term synaptic plasticity in the mammalian 

brain is long-term depression (LTD). A major form of LTD requires mGluR 

receptors (Collingridge et al., 2010). This form of LTD can be chemically induced 

by application of the group I mGluR agonist 3,5-dihydroxypehnylglycine (DHPG). 

LTD was induced in hippocampal slices with 100 µM DHPG for 5 minutes. All 

experiments were performed in the presence of 2-amino-5-phosphonovaleric 

acid (APV) (100 µM) an NMDA (N-methyl-D-aspartate acid) receptor inhibitor.  

(Nosyreva and Huber, 2006). The slope of the fEPSP was expressed as percent 

of the baseline averaged and expressed as the mean ± SEM and compared 

among responses from all mice before and after LTD induction. Control slices 

derived from wild-type mice showed a significant lasting decrease in the fEPSP 

slope. However, slices derived from the Rac1 mutant mice were unable to 

sustain this response reverting to baseline (Figure 30). These results suggestted 

that Rac1 is required for LTP and LTD (Tejada-Simon and Bongmba, 2012).  
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4.3 Involvement of Rac1 in Learning and memory 

After showing that the loss of Rac1 caused morphological defects and 

impaired synaptic plasticity, and because synaptic plasticity is believed to be a 

key foundation of learning and memory, we investigated whether this defect in 

synaptic architecture and plasticity function also affected learning and memory. 

Learning and memory cannot be observed directly in the rodents, but can only be 

inferred using changes in behavior. Thus, a battery of behavioral tests was 

carried out to assess learning and memory in the Rac1 mutant mouse. As 

described under the methods section, the behavior of hippocampal Rac1 

deficient mice was compared to that of their control littermates (wild type and 

heterozygote counterparts). Weights of all animals were taken before and after 

behavioral tests (Figure 27). No significant differences were observed between 

the three groups before and after behavioral tests. Hence, weight had no 

influence in the results presented and was not a concern regarding their 

performance in certain tests.  

Forty nine (49) animals (4-6 months old) were tested in behavioral 

experiments: 17 wild type littermates (WT), 15 heterozygote littermates (HET) 

and 17 Rac1 deficient mice (KO). 
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Figure 27: Body weight of Experimental Animals 
 
Body weight of experimental animals (g) was taken at the beginning and at the 
end of behavioral experiments. There was no significant difference in body 
weight before or after experiments between the three genotypes. Male mice 
showed a higher body weight than the female, but there was no significance 
difference. Data represent mean ± SEM. (n: WT=17, Het=15, KO=17). 
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4.3.1 Open Field Test 

Wild type (WT), heterozygotes (HET) and Rac1 deficient mice (KO) were 

tested in the open field for 30 minutes as described in the methods to evaluate 

their exploratory behavior, hyperactivity, anxiety, stereotyped rotation, and 

habituation to new surroundings. Computer generated data was sorted according 

to the genotypes. Mean data for every parameter were analyzed at 10 and 30 

minutes and there was no difference between the two time points. As shown in 

Figure 28A, Rac1 deficient mice showed no difference in total activity (total 

number of beam interruptions that occurred in the vertical and horizontal 

sensors), ambulatory activity (number of separate horizontal movement for a 

period greater than 1s) and rearing (number of time that animal rears up) as 

compared to their wild type and heterozygote littermates. Moreover, Rac1 

deficient mice covered the same total distance (distance travelled in centimeters) 

as the wild types and the heterozygotes (Figure 28B). However, they travelled 

slightly more in the margins (margin distance) and less in the center (center 

distance) as compared to the wild type and the heterozygote littermates, with 

those differences not reaching statistical significance. Figure 29A presents the 

time(s) spent for the different activities and the location. The presence time, the 

resting time (amount of time the animals were not in movement), the ambulatory 

time (amount of time the animals were in movement) as well as the margin and 

center times do not differ between wild type controls, heterozygote controls and 
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Rac1 deficient (KO) mice. Stereotypic behavior (repetitive movement), and the 

time during which such behavior was exhibited did not differ between controls 

(wild type and heterozygotes) and the Rac1-deficient (KO) mice. As presented in 

Figure 29B, stereotypic burst, vertical stereotypic activity, vertical stereotypic 

burst, stereotypic time and vertical stereotypic time showed no significance 

difference among the three genotypes.  

The above results indicate that the loss of Rac1 (1) did not affect the basic 

exploratory behavior of Rac1 deficient mice, (2) did not cause them to be 

hyperactive or hypoactive and (3) did not make them anxious or induce them to 

develop stereotypic behavior. 
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Figure 28: Exploratory behavior of mice in the open field chamber: activity 
and distance  
 
A) Open field analyses of Rac1 deficient mice (KO) showed no differences to 

the wild type (WT) and Heterozygotes (HET) in total activity, ambulatory 
activity and rearing. Data represent mean ± SEM. (n: WT=17, HET=15, 
KO=17). 
 

B) Open field analyses of Rac1 deficient mice (KO) showed no differences to 
the wild type (WT) and Heterozygotes (HET) in total distance traveled, margin 
distance and center distance. Data represent mean ± SEM. (n: WT=17, 
HET=15, KO=17). 

    
Mice were placed in the center of a clear plexiglass chamber (43x43x18 cm) and 
allowed to explore the novel environment for 30 minutes. Exploration by the 
animals was monitored by light beams and photoreceptors on each side of the 
chamber and analyzed by a computer operated optical animal activity program 
(Opto-Varimex apparatus by Columbus Instrument, Columbus Ohio). Computer 
generated data was sorted according to the three genotypes. Mean data for 
every parameter was analyzed at 10min and 30min. No difference was observed 
between the two time points. Means were compared between the three 
genotypes using one-way ANOVA. 
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Figure 29: Exploratory behavior of mice in the open field chamber: time and 
stereotypic behavior 
 

A) Open field analyses of Rac1 deficient mice (KO) showed no differences to 
the wild type (WT) and Heterozygotes (HET) in presence time, resting 
time, ambulatory time, margin time and center time. Data represent mean 
± SEM. (n: WT=17, HET=15, KO=17). 

 
B) Open field analyses of Rac1 deficient mice (KO) showed no differences to 

the wild type (WT) and Heterozygotes (HET) in total stereotypic activity, 
stereotypic time, vertical stereotypic activity, vertical stereotypic burst and 
vertical stereotypic time. Data represent Mean ± SEM. (n: WT=17, 
HET=15, KO=17). 

    
Mice were placed in the center of a clear plexiglass chamber (43x43x18 cm) and 
allowed to explore the novel environment for 30 minutes. Exploration by the 
animals was monitored by light beams and photoreceptors on each side of the 
chamber and analyzed by a computer operated optical animal activity program 
(Opto-Varimex apparatus by Columbus Instrument, Columbus Ohio). Computer 
generated data was sorted according to the three genotypes. Mean data for 
every parameter was analyzed at 10min and 30min. No difference was observed 
between the two time points. Means were compared between the three 
genotypes using one-way ANOVA. 
 

 

 

 

 



140 

 

4.3.2 Accelerating Rota-Rod Test  

The accelerating Rota-Rod was used to test for motor coordination and 

balance of the mice. As described under the methods section, mice were given 

four trials a day for two consecutive days on the accelerating rota-rod with speed 

accelerating from 4 to 40 rpm during the five minute trial period. Latency to fall 

from the rod was assessed as a measure for motor coordination and balance. As 

shown in Figure 30, the wild type (WT), heterozygote (HET) and Rac1 deficient 

(KO) mice showed an increase latency to fall from the first to the fourth trial on 

the first day. During the fifth trial on the second day, the three genotypes showed 

a minor reduction in time spent on the rotarod, followed by a slight increase 

which continued until the 8th trial. Overall the three genotypes performed equally 

well on the rotarod showing capabilities for learning the task as well as significant 

increase in latency to fall from the first trial (WT=119.83s, HET=113.10s, 

KO=107.27) to the eighth trial (WT=245.75s, HET= 248.45s KO= 237.08s). No 

significant differences in latency to fall were observed among the three 

genotypes implying that the loss of Rac1 did not affect motor coordination and 

balance of Rac1 deficient mice.    
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Figure 30: Motor performance of Rac1 deficient mice  
 
Comparison of Rac1 deficient mice (KO), heterozygotes (HET) and wild type 
littermates (WT), measuring time spent on the Rotarod for 8 trails across 2 days. 
KO mice showed normal performance. Data represent Mean ± SEM. (n: WT=17, 
HET=15, KO=17). 
 
Mice were given four trials a day for two consecutive days on the accelerating 
rota-rod (the ENV-577M Five Station Mouse Rota-Rod Treadmill, Med 
Associates), with speed accelerating from 4 to 40 rpm during a five minute trial 
period. Latency to fall from the rod was assessed as a measure for motor 
coordination and balance. Means were compared between the three genotypes  
using one-way ANOVA. 
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4.3.3 Pre-Pulse Inhibition of Startle Response (PPI)  

Most mammals exhibit acoustic startle as a reflex where subjects flinch 

upon the hearing of a sudden, loud sound. However, if a modest sound is given 

just before the loud noise, the startle response is significantly reduced (Crawley, 

2000; Sweatt, 2003). Therefore, to measure the general reflexes, gross hearing 

ability and auditory threshold of the study mice, which are very crucial for the 

fear-conditioning test, we used the pre-pulse inhibition of startle response test. 

Mice were placed in a plexiglas cylinder enclosed in a sound-attenuated startle 

chamber and given six loud sounds of 120dB (pulse), five of which were 

preceded by weaker sounds (pre-pulses) of 74, 78, 82, 86 and 90dB. Following 

the sounds, an electrostatic sensor located directly below the plexiglass cylinder 

measured their whole body flinch amplitude (Crawley, 2000).  

 This flinch amplitude was used to calculate the percent pre-pulse 

inhibition as follows: 100-[(startle response on acoustic prepulse plus startle 

stimulus trials/startle response alone trials)x100]. Mice with a startle 

response to the 120 dB sound stimulus of less than 100 were not considered for 

analysis. The percentage pre-pulse for the different genotypes is presented in 

Figure 31. Percentage pre-pulse inhibition increased with increase pre-pulse 

sound for the WT, HET and KO indicating that the mice in the three categories 

were not only able to hear (hearing ability) but were able to distinguish between 

the different pre-pulses (auditory threshold). On the other hand, comparing the 
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different pre-pulses between the genotypes, we observed that there was no 

significant difference among the WT, HET, and KO (Figure 34B). These results 

indicate that the loss of Rac1 did not affect the general reflexes, hearing ability 

and auditory threshold of the mice.  
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Figure 31: Acoustic performance of Rac1 deficient mice: Percentage  
Pre-Pulse Inhibition of startle Response 
 

A) Rac1 deficient mice showed normal hearing ability as compared to the 
wild type (WT) and heterozygotes (HET). Data represent mean ± SEM (n: 
WT= 17, HET= 15, KO=17). 
 

B) Rac1 deficient mice showed normal auditory threshold ability as compared 
to the wild type (WT) and heterozygotes (HET). Data represent Mean ± 
SEM (n: WT=17, HET=15, KO=17). 

 
Mice were placed in a plexiglas cylinder enclosed in a sound-attenuated startle 
chamber (the SR-LABTM Startle Response System by San Diego Instruments, 
San Diego, California) and given six loud sounds of 120dB (pulse), five of which 
were preceded by weaker sounds (pre-pulses) of 74, 78, 82, 86 and 90dB. 
Following the sounds, an electrostatic sensor located directly below the 
plexiglass cylinder measured their whole body flinch amplitude. Means were 
compared between the three genotypes using one-way ANOVA. 
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4.3.4 Hot plate test  

Mice were placed on a 55˚C hot plate and their latency to react to pain 

caused by heat was used as an indicator of a sensory-perceptual function, 

integral to the fear conditioning paradigm. The latency to respond with either a 

jump, hindpaw lick or hindpaw flick for the different genotypes is presented in 

Figure 32. Controls (wild types and heterozygotes) and Rac1 deficient (KO) 

animals showed almost the same latency to discomfort of about 6 seconds 

(WT:6.07s, HET: 6.14s, and KO: 5.8s) indicating that the loss of Rac1 did not 

affect their sensitivity to painful stimuli. 
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Figure 32: Hot plate sensitivity  
 
Rac1 deficient mice (KO) showed normal response to pain threshold as 
compared to the heterozygotes (HET) and wild type littermates (WT). Data 
represent mean ± SEM. (n: WT=17, Het=15, KO=17). 
 
Mice were placed on a 55˙C hot plate (the Hotplate Analgesic Meter, Columbus 
Instruments, Columbus, Ohio) and their latency to react to pain caused by heat 
with either a jump, hindpaw lick or hindpaw flick was used as an indicator of a 
sensory-perceptual function. Means were compared between the three 
genotypes using one-way ANOVA. 
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4.3.5 The Light-Dark Test 

The light dark evaluates the natural tendency for mice to explore a novel 

environment while at the same time avoiding the hostile nature of well-lighted 

environments (Crawley and Goodwin 1980, Crawley, 2000). As discussed under 

the methods section, mice were placed in the open side of the light-dark box and 

allowed to explore the novel environment for 10 minutes during which their 

movement was video tracked. The number of transitions and the time spent in 

light or dark compartment were analyzed, and used as indicators of anxiety-like 

related behavior. Results for the Light-Dark test are presented in Figure 33. This 

data shows that the Rac1 deficient (KO) mice spent almost the same amount of 

time in the dark and light compartments as the controls (wild types and 

heterozygotes) (Figure 33A). The heterozygotes spent a little less time in the 

dark and a little more time in the light than the wild types and the  and the Rac1 

mutants but there was no significant difference (Figure 33B). These results 

suggest that the loss of Rac1 in the hippocampus did not cause the mutant 

animals to be more anxious than their control littermates, confirming what was 

observed in the open field test. 
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Figure 33: Light-Dark Test 
 

A) Rac1 deficient mice spent almost the same amount of time in the light and 
dark compartments as the WT and the HET.  
 

B) Rac1 deficient mice showed almost the same number of transitions from 
the light to the dark compartments as the WT and the HET. Data 
represent mean ± SEM. (n: WT=7, HET=7, KO=8). 

 
Mice were placed in the open side of the light-dark box and allowed to explore 
the novel environment for 10 minutes during which their movement was video 
tracked by the Noldus Ethovision. The number of transitions and the time spent 
in light or dark compartment were analyzed, and used as indicators of anxiety-
like related behavior. 
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4.3.6 The Elevated Plus Maze 

The elevated plus maze is another test that determines anxiety-like 

behavior. It is also based on the natural tendency for mice to explore a novel 

environment while at the same time avoiding the hostile nature of well-lighted 

environments (Pellow et al., 1985). It improves on the light-dark by bringing in the 

height component and the open arms. Mice were placed in the center box of the 

elevated plus maze apparatus and given 10 minutes to explore the maze which 

is made up of two well lit open arms (from which the mice could see a cliff), and 

two closed arms. The total amount of time spent by the mice in the open arms, 

closed arms, and/or center was analyzed and used as indicator of anxiety related 

behavior (Pellow et al., 1985). Normally, mice would prefer the closed arms; 

however, they would explore the open arms too out of curiosity (Crawley, 2000). 

As such, confinement to the closed arms is associated with more anxiety-related 

behaviors (Anwar et al; 2011). As presented in Figure 34A wild type, 

heterozygotes and Rac1 mutant mice spent most of their time in the closed arms 

(about 7 minutes), followed by the center (about 2 minutes), and the open arms 

(less than 1 minute) representing a normal rodent behavior. However, the Rac1 

mutants covered a longer distance (Figure 34B) showing a higher mean velocity 

(Figure 34C) than their wild type and heterozygote littermates, even though the 

difference was not statistically significant. These results confirm those obtained 

previously with the open field activity and light-dark, suggesting that the loss of 
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Rac1 in the hippocampus of the mouse brain does not lead to the development 

of anxiety related behaviors.  
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Figure 34: Elevated plus maze 
 

A) Rac1 deficient mice (KO) spent almost the same amount of time in the 
closed arms, open arms and center as the wild type (WT) and 
heterozygote (HET) controls. The KO mice showed similar level of anxiety 
behavior as compared to the WT and the HET confirming open field test 
data. The loss of Rac1 did not therefore cause the KO mice to develop 
anxiety related behaviors. Data represent mean ± SEM. (n: WT=7, 
HET=7, KO=8). 
 

B) Rac1 deficient mice (KO) traveled a little bit more in the elevated plus 
maze, but no significant difference were observed as compared to the wild 
type (WT) and heterozygote (HET) controls. (n: WT=7, HET=7, KO=8). 
 

C) Rac1 deficient mice showed almost the same speed in the elevated plus 
maze as the WT and the HET. Data represent mean ± SEM. (n: WT=7, 
HET=7, KO=8). 

 
Mice were placed in the center box of the elevated plus maze apparatus and 
allowed to explore the maze which is made up of two well lit open arms, from 
which the mice could see the cliff and two closed arms for ten minutes. The total 
amount of time spent by the mice in the open arm, enclosed arm, and center arm 
was analyzed and used as an indicator of anxiety related behavior 
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4.3.7 Fear Conditioning Test 

Fear Conditioning was used as a learning and memory paradigm to test 

for cognitive impairment in experimental mice. The freezing behavior of mice in 

response to fear to a foot shock was used as an indicator of learning and 

memory (LeDoux, 1996). Fear conditioning was produced by training mice in a 

conditioning chamber to associate contextual and sound cues with a modest foot 

shock. Fear learning was assessed by measuring freezing behavior in response 

to contextual and sound cues presented 1 hour and 24 hours after training. The 

percentage freezing observed during training, 1 hour and 24 hours after training 

is depicted in Figure 35.  Context associated fear (contextual fear conditioning) at 

1 hour and 24 hours following training (Figure 35A), revealed significant 

differences between the controls (wild type and heterozygotes) and the Rac1 

mutant, and no significant difference between the wild type and the 

heterozygotes (p≤0.05, F=7.580 for 1hour test, F=5.990 for 24hours test).  

However, cued fear conditioning test at 1 hour and 24 hours after training (Figure 

35B), revealed no differences between the controls (wild type and heterozygotes) 

and the Rac1 mutants. These results suggest that the loss of Rac1 in the 

hippocampus of the mouse brain impaired contextual fear learning, a largely 

hippocampus dependent task, but not cued fear learning, a task that involves the 

amydala. 
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Figure 35: Fear learning analysis on Rac1 deficient mice  
 

A) Percentage freezing to context test 1 hour and 24 hours after training for         
Rac1 deficient mice (KO), heterozygotes (HET) and wild type littermates 
(WT). Significant differences were observed between the KO and WT 
mice (*) and the KO and HET mice (π) at 1 hour and 24 hours (p≤0.05, 
F(2, 46)= 7.580, [1 hour], F(2, 46)= 5.990 [24 hours]). Data represent mean ± 
SEM. (n: WT=17, Het=15, KO=17). 
 

B) Percentage freezing to cued test 1 hour and 24 hours after training for 
Rac1 deficient mice (KO), heterozygotes (HET) and wild type littermates 
(WT). No significant differences were observed between the KO and WT 
mice  and the KO and HET mice at 1 hour and 24 hours. Data represent 
mean ± SEM. (n: WT=17, Het=15, KO=17). 

 
Mice  were  placed in a standard mouse conditioning chamber (13 x 10.5 x 13 
cm) equipped with a house light (28 V), a loudspeaker, and a floor consisting of 
19 equally spaced metal rods (2.8 mm diameter) (the Video Freeze Fear 
Conditioning by Med Associates Inc.,St Albans, Vermont), and trained to 
associate a tone to a light foot shock. During the training session which lasted 
seven minutes, a 2-sec scrambled foot shock (0.75 mA), always preceded 30 sec 
tone (80dB, 2 kHz) was presented at 120 sec, 240 sec and 360 sec after session 
onset. The occurrence of freezing was measured every 10 sec throughout 
training. The animals were removed immediately and returned to their home 
cages. 
 
To test fear conditioning to the contextual cues, the animals were returned to the 
training context at various times after training for a 7-min test session. No shocks 
were presented during the test session. The occurrence of freezing was 
measured every 10 sec throughout testing. To test conditioning to the tone, the 
test chamber was modified with respect to tactile, spatial, visual, and olfactory 
properties to create a novel test environment. The animals were placed into the 
modified chamber for a 7-min test session at various times after training. The 
tone was presented continuously during the second period of 3-min in that 
session. Freezing was measured during testing session. The percentage freezing 
data for the wild type, heterozygotes and Rac1 deficient mice, was analyzed 
using a one way ANOVA. 
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4.3.8 Morris water maze  

The Morris water maze task was used as a second learning and memory 

test to examine spatial learning and memory, a hippocampus-dependent task. 

Both the acquisition and retention of memory in the wild type (WT), heterozygote 

(HET) and Rac1 deficient (KO) mice were assessed. First, animals were pre-

trained on how to navigate the pool and locate a hidden escape platform 

submerged 1cm below the surface of the water using distal visual cues outside 

the pool. This was followed by a training phase lasting four days (eight trials of 

two blocks per day) during which the latency to find the hidden platform was 

recorded as an indicator of learning. As shown by the decrease in escape 

latencies (Figure 36), the WT, HET and KO promptly learnt to locate the hidden 

platform from the first to the fourth day of training, indicating that the three groups 

are capable of learning. However, comparatively, Rac1 deficient mice (KO) used 

significantly more time to locate the hidden platform than the WT and the HET 

during the four days of training as revealed by one way ANOVA statistical 

analysis test  (n: WT=17, Het=15, KO=17; F=22.30 [Day 1]; F= 9.24 ]Day 2]; F= 

11.05 [Day 3]; F= 16.79 [Day 4]).  

Following learning, memory was assessed using two probe tests 

performed 1 hour and 24 hours after training. During the probe trial, mice were 

allowed to search the pool for 60 seconds during which the quadrant search time, 

platform frequency and the platform duration were used as indexes of memory. 
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The higher the time spent in the target quadrant, the higher the number of 

platform crossings and the higher the time spent on the location of the hidden 

platform, the enhanced the memory. For the 1-hour probe trial, the total distance 

covered (Figure 37A), and the mean velocity (Figure 37B) did not differ between 

the wild type (WT) the heterozygote (HET) and the Rac1 mutant (KO). Looking at 

the quadrant search time within the different groups, the wild type and 

heterozygote controls showed spatially-selective searches with significant 

differences in time spent in quadrants 1, 2 and 3, as compared to the target 

quadrant (quadrant 4, in which the platform was located during training).  On the 

other hand, Rac1 mutant mice showed differences between quandrant 1, 2 and 4 

but no difference was found between quadrant 3 and 4. Comparing the different 

genotypes, we observed that Rac1 deficient mice spent significantly less time in 

the target quadrant  as compared to the WT and HET controls (Figure 37C) 

(p≤0.05, n: WT=17; HET=15; KO=17, F=8.004). In addition, Rac1 deficient mice 

also crossed the location of the platform (platform frequency) fewer times than 

the WT and HET (Figure 37D) (p≤0.05 n: WT=17; HET=15; KO=17, F=5.076), 

and spent significantly less time on the platform location (platform duration) 

(Figure 37E) (p≤0.05 n: WT=17; HET=15; KO=17, F=7.679).  

During the 24 hours probe test, the wild type (WT), heterozygote (HET) 

and Rac1 mutants (KO) mice did not show any significant differences in the total 

distance traveled (Figure 39A) and mean velocity (Figure 39B). In regards to 
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memory assessment, the data obtained for the 24-hours probe test showed the 

same trend as that acquired in the 1-hour probe test. Assessing the quadrant 

search time, the Rac1 deficient mice (KO) spent more time in quadrant 3 and 

less time in the target quadrant (quadrant 4) but no statistically significant 

differences were found when compared to WT and HET controls (Figure 39C) or 

in spatially-selective search time within the groups. In addition, Rac1 deficient 

mice crossed the location of the platform (platform frequency) fewer times than 

the controls (wild type and heterozygote) (Figure 39D), and spent less time on 

the platform location (platform duration) (Figure 39E), even though no statistically 

significant differences were observed. It should be noted, that while Rac1 mutant 

mice maintained almost the same behavior observed during the 1 hour probe test 

(time spent in the target quadrant, platform frequency and platform duration), the 

controls seemed to have shown some within-test extinction effect to the absence 

of the platform, and slightly modified their behavior by reducing the time spent in 

the target quadrant, number of platform crossings and platform duration.  

To rule out the possibility that visualization of the cues located outside the 

pool was impaired in the Rac1 deficient mice as compared to controls due to 

poor or deficient vision,  mice were pre-trained to locate a noticeable platform, 

and thereafter, tested for three trials, measuring the latency to reach that 

platform. As shown in Figure 39, the mean time spent by mice of the three 

groups to locate the visible platform was equivalent, suggesting that Rac1 
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deficient mice did not have impaired vision, and confirming that the results 

obtained in the Morris Water maze task are most likely due to impaired cognitive 

skills.  

These results from the Morris water maze spatial learning and memory 

test therefore indicate that the loss of Rac1 in the hippocampus of the mouse 

brain significantly impaired learning (as observed in the altered escape latencies) 

and possibly short term memory (as seen in the 1 hour probe trial). However, in 

the 24 hours probe test, while the same trend was observed for long-term 

memory, the control mice seemed to have learnt that the platform was absent 

and therefore changed their search strategy to search for the platform elsewhere. 

This explains why no significant differences in quadrant search time, platform 

duration and platform frequency were observed between the Rac1 mutants and 

the controls, and is indicative of cognitive function.   
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Figure 36: Spatial Learning analysis of Rac1 deficient mice-training 
  
Loss of Rac1 impaired the spatial learning or acquisition of memory. Rac1 
deficient mice showed significantly higher escape latencies than the wild type (*) 
and the heterozygotes (π) during four days of training on how to locate the 
hidden escape platform. Data represent mean ± SEM. (p≤0.05; F(2, 46)= 22.30 
(Day 1); F(2, 46)= 19.24 (Day 2); F(2, 46)= 11.05 (Day 3); F(2, 46)= 16.79 (Day 4); n: 
WT=17, HET=15, KO=17)). 
 
Mice were pre-trained on how to navigate the pool and locate a hidden escape 
platform submerged 1cm below the surface of the water using distal visual cues 
outside the pool. Pre-training was followed by training proper of four days (eight 
trials of two blocks per day), during which the latency to find the hidden platform 
was assessed as an indicator of learning. To control for vision, mice were pre-
trained to locate the visible platform, and thereafter, tested for three trials. 
Memory was assessed using two probe tests performed 1hour and 24 hours after 
training. During the probe trials, mice were allowed to search the pool for 
60seconds during which the quadrant search time, platform frequency and the 
platform duration were used as index of memory. The higher the quadrant time 
spent in the target quadrant, the higher the number of platform crossings and the 
higher the time spent on the location of the hidden platform, the enhanced the 
memory. 
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          Spatial learning: 1 Hour Probe Test 
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Figure 37: Spatial Learning analysis of Rac1 deficient mice-1 hour probe 
trial 
 

A) Loss of Rac1 from the hippocampus of the mouse brain had no significant 
effect on the total distance covered within one-minute of 1-hour probe trial. 
WT, HET, and KO mice covered almost the same distance during probe 
trial. 

B) Loss of Rac1 from the hippocampus had no significant effect on the mean 
velocity within one-minute of probe trial. WT, HET, and KO mice exhibited 
almost the same mean velocity during probe trial. 

C) Loss of Hippocampal Rac1 significantly affected the quadrant search time. 
Rac1 deficient mice spent significantly less time in the target quadrant 
(platform quadrant) than the wild type (*) and the heterozygote (π). 
(p≤0.05; F(2, 46)= 8.004; n: WT=17, HET=15, KO=17). 

D) Loss of Hippocampal Rac1 significantly affected the platform frequency. 
Rac1 deficient mice showed a significantly higher number of platform 
crossings as compared to the wild type (*) and the heterozygote (π).  
(p≤0.05; F(2, 46)= 5.076; n: WT=17, HET=15, KO=17). 

E) Loss of Hippocampal Rac1 significantly affected the platform duration. 
Rac1 deficient mice spent significantly less time on the platform location 
than the wild type (*) and the heterozygote (π). (p≤0.05; F(2, 46)= 7.676; n: 
WT=17, HET=15, KO=17).  

Mice were pre-trained on how to navigate the pool and locate a hidden escape 
platform submerged 1cm below the surface of the water using distal visual cues 
outside the pool. Pre-training was followed by training proper of four days (eight 
trials of two blocks per day), during which the latency to find the hidden platform 
was assessed as an indicator of learning. To control for vision, mice were pre-
trained to locate the visible platform, and thereafter, tested for three trials. 
Memory was assessed using two probe tests performed 1hour and 24 hours after 
training. During the probe trials, mice were allowed to search the pool for 60 
seconds during which the quadrant search time, platform frequency and the 
platform duration were used as index of memory. The higher the quadrant time 
spent in the target quadrant, the higher the number of platform crossings and the 
higher the time spent on the location of the hidden platform, the enhanced the 
memory. 
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Figure 38: Spatial Learning analysis of Rac1 deficient mice-24 hours probe 
trial  

A) Loss of Rac1 from the hippocampal had no significant effect on the total 
distance covered within one-minute of 24-probe trial. WT, HET, and KO 
covered almost the same distance during probe trial. (p≤0.05; n: WT=17, 
HET=15, KO=17). 

B) Loss of Rac1 from the hippocampal had no significant had no effect on the 
mean velocity within one-minute of probe trial. WT, HET, and KO exhibited 
almost the same mean velocity during probe trial. (p≤0.05; n: WT=17, 
HET=15, KO=17). 

C) Loss of Hippocampal Rac1 did not significantly affect the quadrant search 
time. Rac1 deficient mice spent significantly more time in quadrant three 
and less time in the target quadrant (platform quadrant) than the wild type 
but no significant difference was observed. (p≤0.05; n: WT=17, HET=15, 
KO=17).   

D) Loss of Hippocampal Rac1 did not significantly affect the platform 
frequency. Rac1 deficient mice crossed the platform area fewer times than 
the wild type and the heterozygote but one way ANOVA revealed that no 
significant difference.  (p≤0.05; n: WT=17, HET=15, KO=17). 

E) Loss of Hippocampal Rac1 did not significantly affect platform duration of 
mice. Rac1 deficient mice spent significantly less time in the platform 
location but significant difference was not observed. (p≤0.05; n: WT=17, 
HET=15, KO=17). 

Mice were pre-trained on how to navigate the pool and locate a hidden escape 
platform submerged 1cm below the surface of the water using distal visual cues 
outside the pool. Pre-training was followed by training proper of four days (eight 
trials of two blocks per day), during which the latency to find the hidden platform 
was assessed as an indicator of learning. To control for vision, mice were pre-
trained to locate the visible platform, and thereafter, tested for three trials. 
Memory was assessed using two probe tests performed 1hour and 24 hours after 
training. During the probe trials, mice were allowed to search the pool for 
60seconds during which the quadrant search time, platform frequency and the 
platform duration were used as index of memory. The higher the quadrant time 
spent in the target quadrant, the higher the number of platform crossings and the 
higher the time spent on the location of the hidden platform, the enhanced the 
memory. 
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Figure 39: Spatial Learning analysis of Rac1 deficient mice-visible platform  
 
Loss of Rac1 in the Hippocampal CA1 of the mouse brain did not affect mice 
vision. No significance differences were observed between the WT, HET and KO 
as regards time to taken to locate the visible platform. (n: WT=17, HET=15, 
KO=17). 
 
Mice were pre-trained on how to navigate the pool and locate a hidden escape 
platform submerged 1cm below the surface of the water using distal visual cues 
outside the pool. Pre-training was followed by training proper of four days (eight 
trials of two blocks per day), during which the latency to find the hidden platform 
was assessed as an indicator of learning. To control for vision, mice were pre-
trained to locate the visible platform, and thereafter, tested for three trials. 
Memory was assessed using two probe tests performed 1hour and 24 hours after 
training. During the probe trials, mice were allowed to search the pool for 
60seconds during which the quadrant search time, platform frequency and the 
platform duration were used as index of memory. The higher the quadrant time 
spent in the target quadrant, the higher the number of platform crossings and the 
higher the time spent on the location of the hidden platform, the enhanced the 
memory. 
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5. DISCUSSION 

The present study showed that the small GTPase Rac1 is not only 

associated with, but necessary for synaptic plasticity, playing a role in the 

morphological changes observed at neuronal synapses during hippocampal 

learning and memory. In summary, these results were achieved by studying a 

genetically altered mouse model in which we deleted Rac1 from the brain. The 

Cre/LoxP system was used to genetically generate a hippocampal Rac1 deficient 

mouse, successfully obtained as demonstrated through genotyping. Functionally 

this mouse model has worked as expected, as confirmed through in situ 

hybridization, immunoblotting, and immunohistochemistry techniques. We 

observed 1) marked reduction in rac1 mRNA in the hippocampal CA1 area, 2) 

significant decrease in Rac1 protein levels and 3) significant decline in number of 

dendritic spines in Rac1 deficient mice as compared to their wild type and 

heterozygote littermates. This altered neuronal morphology was associated with 

impaired long-term potentiation (LTP), long-term depression (LTD) and 

hippocampal-dependent learning, supporting the initial hypothesis that Rac1 is 

necessary for synaptic plasticity and learning. 

Studies were concentrated on the hippocampus and particularly in the 

CA1 because it is very crucial for learning and memory and has been shown by 

several studies to undergo plasticity (Scoville and Miller,  1957; Bliss et al., 2007; 

Neves et al., 2008). In addition, our group has shown that Rac1 is highly 
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expressed in the hippocampus, and becomes at+tached to specific membranes 

and active upon NMDA receptor activation (Tejada-Simon et al., 2006).  

This Rac1 mutant mouse was furthermore used for morphological studies 

to compare neuronal morphology in the CA1 of Rac1 deficient mice to that of its 

wild type and heterozygote littermates. We showed that the loss of Rac1 affects 

the formation and maintenance of dendritic spines. In addition, parallel 

electrophysiological studies showed that this Rac1 mutant mouse presents 

impaired LTP and LTD. Finally, during behavioral testing it was apparent that 

Rac1 is required for learning and memory.  

 

5.1 Generation of the Hippocampal Rac1 Deficient mouse using the 

Cre/LoxP system  

Genetic engineering has been shown through several studies to be a very 

reliable technique used in bringing out the role of a gene in animal physiology 

and behavior. One of such genetic manipulations involves knocking out a target 

gene to observe the behavior of the animal without its protein. However, due to 

the fact Rac1 is a critical protein for survival, and the  full rac1 gene knockout 

causes embryonic lethality (Sugihara et al., 1998; Corbetta et al., 2009), 

knocking down this gene in a tissue-specific manner using the Cre/LoxP system 

(Sauer and Henderson, 1988), was thought to be a better way to assess its 

function. The Cre/LoxP mechanism adapted from the P1 bacteriophage uses Cre 
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Recombinase, a site-specific recombinase to catalyze recombination between 

two LoxP sites oriented in the same direction (Sternberg and Hamilton, 1981; 

Sauer and Henderson, 1988; Nagy, 2000). This system has been effectively 

used as an excellent genetic tool by several groups to remove genes of interest 

(Tsien et al., 1996a, 1996b; Corbetta et al., 2009; Chen et al., 2009; Haditsch et 

al., 2009).  

 In agreement with these studies, we successfully used the Cre/loxP 

system to produce a hippocampal Rac1 deficient mouse by crossing a Rac1flox 

line (Rac1tm1Djk/J; Walmsley et al., 2003) and Cre T29-1 line (Tsien et al., 1996a). 

The cre transgene expression in this mouse was driven under the α-calcium-

calmodulin–dependent kinase II (αCaMKII) promoter, which is generally found in 

the mouse forebrain, but highly expressed in the hippocampus, with the highest 

expression in the CA1 (Burgin et al.,1990; Tsien et al., 1996a). Since the 

αCaMKII promoter starts acting about three weeks post-natally (Kelly and 

Vernon, 1985; Burgin et al., 1990), the onset of Cre recombinase expression in 

this mouse line genetic construct is theoretically delayed until three weeks after 

birth or longer. Thus, the advantage of the time and tissue specificity of the 

Cre/loxP system in our study is that it allowed the normal development of 

neonates in the presence of Rac1, bringing the possibility to post-

developmentally study the role of Rac1 in adult mice.  
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Time course analysis revealed Rac1 reduction of about 16% in the CA1 at 

two months, which increased to about 90% by the time the animals reached six 

months of age. Significant reduction of Rac1 spread to the CA3/dentate gyrus 

(CA3/DG) starting at five months of age. In addition, a slight reduction was 

observed in the cortex at this age too. Indeed, these findings are not surprising 

because it has been established that the αCaMKII-Cre T29-1 mouse line that we 

used is not hippocampus-specific but rather forebrain specific (Tsien et al., 

1996a, 1996b; Mayford et al., 1997; Haditsch et al., 2009). The progressive 

pattern of Rac1 reduction (CA1>CA3/DG>Cortex) therefore confirms the pattern 

of expression of the αCaMKII promoter, previously revealed by Tsien et al. 

(1996a). Analysis of sagittal brain sections of Cre transgenic mice by this group 

using X-Gal showed darker Cre staining in the CA1, followed by lighter staining in 

the CA3 and occasional staining in the dentate gyrus (DG). In this connection, 

the normal Rac1 levels observed in other brain regions (the cerebellum and the 

brain stem) and peripheral organs (the kidney, the ovaries and the testis) did not 

come as a surprise and was very welcomed, since Rac1 is needed for proper 

functioning of the mouse. Interestingly, heterozygous mice (HET) showed no 

alterations in Rac1 levels, what makes them a valuable control group together 

with the parental lines (wild type or WT).  
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It is worthy to note that Rac1 mutant mice developed normally, showing no 

gross developmental or physical abnormalities as compared to the WT and the 

HET littermates. This finding is in agreement with Corbetta et al. (2009) and 

Haditsch et al. (2009) findings, which showed that Rac1 mutant mice did not 

have developmental abnormalities as well. In addition, these mice had normal 

levels of other related small GTPases (Cdc42, RhoA and RhoB) eliminating the 

role of compensatory mechanisms modulating Rac1 functions in the neurons as 

related to morphology and plasticity. Our data provides precise time points and 

specificity on the tissues in which there is a post-natal reduction of Rac1; CA1 for 

young animals, CA3/DG and cortex for adult/old animals, without effect in other 

parts of the brain or peripheral organs. Therefore, Cre recombinase was 

functioning in the forebrain as expected. With these precise time points, our 

group has provided a remarkable system for assessing the role of Rac1 in 

synaptic plasticity learning and memory. In addition, such precise information is 

of paramount importance, as it can guide the planning of subsequent 

experiments, thereby avoiding cost, waste of time, anxiety, and stress to 

researchers. 

After creating our mouse and ascertaining that it was developing normally 

despite the loss of Rac1 from the hippocampus, we set forth to examine the 

effect of this protein loss on dendritic spines morphology, synaptic plasticity and 

finally learning and memory. 
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5.2 Loss of Rac1 causes abnormal dendritic spine morphology and 

impaired long-term plasticity 

5.2.1 Loss of Rac1 causes abnormal dendritic spine morphology 

Dendritic spines are actin rich protrusions from dendritic shafts, which 

receive most of the excitatory synaptic transmission in the brain (Harris, 1999; 

Kandel, 2000; Nimchinsky et al., 2002; Tolias et al., 2005; Gao et al., 2007) and 

their morphogenesis is an important component of synaptic plasticity (Harris, 

1999; Yuste and Bonhoeffer, 2001; Penzes et al., 2003). Spines undergo 

morphological changes by increasing or decreasing in number or size, or by 

disappearing entirely (Penzes et al., 2003). Such changes rely on alterations in 

the actin cytoskeleton and consequently require a very dynamic actin 

cytoskeleton to drive the process of actin polymerization (the driving force behind 

spine morphogenesis). Our hypothesis was that Rac1, as a key regulator of the 

actin cytoskeleton and remodeling, is involved in the morphological changes 

observed at neuronal synapses during hippocampal learning and memory. This 

hypothesis has been supported by preliminary studies by our group which  

revealed, first through biochemical studies, that Rac1 was highly expressed in 

the adult mouse hippocampus (Tejada-Simon et al., 2006), and second through 

in vitro studies in hippocampal slices, that activation of NMDA receptors resulted 

in membrane translocation and activation of Rac1 (Tejada-Simon et al., 2006). 

Furthermore, in vivo studies in the adult mouse revealed that this activation of 
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Rac1 was connected with associative fear learning (Martinez et al., 2007). In 

addition to our group, other groups (Li et al., 2002) reported that neuronal activity 

induced Rho GTpase-mediated dendritic arborization was through NMDA 

receptors resulting in the activation of Rac and inactivation of RhoA. Once we 

established that Rac1 was indeed reduced in the CA1 and CA3/DG without any 

compensation by other Rho proteins as discussed under sections 4.1 and 5.1, 

we used our Rac1 mutant mouse to test our hypothesis. 

We used the Golgi-Cox staining method to stain and visualize 

hippocampal neurons of 1-6 months old wild type and Rac1 deficient mice. 

Qualitatively, we observed no overt differences at one month and slight 

differences at two months between the dendritic spines of wild type and Rac1 

deficient mice. However, from three months and older, we observed a marked 

reduction in spine density. Furthermore, quantification of spine density using 

specialized software (Neurolucida) showed a significant reduction in spine 

density between the wild type and Rac1 deficient mice, starting at three months. 

Interestingly, the time of commencement of abnormal dendritic branching and 

reduction in spine density corresponds with the time of loss of Rac1 in the 

hippocampal area CA1 as observed. These results constitute the first direct 

evidence of a clear link between the loss of Rac1 and dendritic spine formation 

and maintenance, with about 16% reduction of Rac1 levels at two months 

translating in a slight reduction in spine density. Significant reduction of this small 
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GTPase in adult mice (about 60% at three months and 90% at 6 months) 

correlated with significant reduction in spine density. Therefore, this data strongly 

suggests that Rac1 is involved in dendritic spine morphogenesis. It confirms 

earlier studies by several groups stating the implication of Rac1 in the structural 

changes that take place in dendrites and dendritic spines upon synaptic activity 

(Luo et al., 1996; Threadgill et al., 1997; Ruchhoeft et al., 1999; Lee et al., 2000; 

Nakayama et al., 2000; Tashiro et al., 2000; Wong and Ghosh, 2002, Chen et al., 

2010).  

The Rac1/PAK1/LIM-Kinase1/Cofilin1 signaling pathway that regulates 

actin dynamics (Bamburg et al.,1999; Bokoch, 2003) was examined by 

measuring the phosphorylation levels of the different component proteins. Time 

course analyses of the expression of total (phosphorylated and 

unphosphorylated) PAK-1, LIMK-1 and Cofilin-1 in the hippocampal area CA1 

revealed no differences between wild type, heterozygote and Rac1 deficient 

mice. However, temporal analysis of the levels of phosphorylated forms of PAK-

1, LIMK-1 and Cofilin-1 in the hippocampal area CA1 showed significant 

reduction in the Rac1 mutant mice as compared to wild type and heterozygote 

mice from three months and older. This pattern of reduction was also observed in 

their phosphorylated/total protein ratio. However, immunoblotting of total and 

phosporylated ERK, which mediates Rac1 regulation of the transcription 

signaling cascade (Forst, 1997), showed no time dependent reduction. The 
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abnormal dendritic spine morphology observed in the hippocampus of Rac1 

deficient mice is therefore, an indication of an error in the Rac1 signaling 

cascade that organizes the actin cytoskeleton and actin polymerization.  

 

5.2.2 Loss of Rac1 impaired long-term synaptic plasticity 

 Long-term potentiation (LTP), one model of long-term synaptic plasticity 

(Nedivi et al., 1993; Qian et al., 1993; Yamagata et al., 1993; Matsuo et al., 2000; 

Yamazaki et al., 2001), is an artificially induced increase in synaptic strength, 

produced by high frequency stimulation. Matsuzaki, et al. (2004) demonstrated 

that high frequency stimulation which causes LTP induces overall spine and 

spine head enlargement and involves influx of Ca2+ (through the NMDA 

receptor), and actin polymerization. Several studies support the fact that LTP 

generation and maintenance require rapid reorganization of the spine actin 

cytoskeleton (Smart et al., 2003; Dillon and Goda, 2005; Bramham, 2008; Lynch 

et al., 2008; Rex et al., 2009; Kasai et al., 2010, Chen et al., 2010) probably 

leading to actin polymerization. Our results as stated under sections 4.2.1 and 

5.2.1 indicate that Rac1, a key regulator of the actin cytoskeleton and actin 

polymerization is involved spine morphogenesis.  

Long-term depression (LTD), the second form of long-term synaptic 

plasticity is a decrease in synaptic strength induced chemically or by low 

frequency stimulation (Linden and Connor, 1995; Bear, 1995; Chang and 
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Shuman, 2002; Massey and Bashir, 2007; Collingridge et al., 2010). It has been 

demonstrated that the induction of LTD by low-frequency stimulation is 

accompanied by a marked shrinkage of spines, which can be reversed by 

subsequent high-frequency stimulation that induces LTP (Zhou et al., 2004). 

Interestingly, Zhou and group further revealed that though spine shrinkage 

requires activation of NMDA receptors and Calcineurin, as in LTD, it is mediated 

by Cofilin (the last effector in the actin remodeling pathway). They found that 

loading of Cofilin peptide into hippocampal neurons enhanced LFS-induced spine 

shrinkage, while loading of p-Cofilin peptide abolished the LFS-induced spine 

shrinkage, which demonstrates the involvement of actin depolymerization and 

polymerization respectively, and consequently actin cytoskeleton remodeling.  

 The fact that LTP and LTD generation, and spine morphogenesis involve 

reorganization of the actin cytoskeleton and actin polymerization, led us to 

postulate that Rac1 is also involved in LTP and LTD and that loss of this GTPase 

from the hippocampus of the adult mouse will likely impair LTP and LTD. As 

such, in a concurent study in our laboratory using our Rac1 deficient mouse 

model, the Schaffer/Commissural pathway in the CA3 of age match wild type and 

Rac1 deficient mice was stimulated and excitatory postsynaptic potentials 

(fEPSPs) in CA1 pyramidal neurons were measured before and after LTP or LTD 

induction (Tejada and Bongmba, 2012). Interestingly, this study found that Rac1 

mutant mice displayed impaired LTP and LTD as compared to the wild type 
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controls. The magnitude of LTP obtained from the hippocampal slices of wild 

type mice was higher than that obtained from the hippocampal slices of Rac1 

deficient mice. Likewise, the magnitude of LTD was larger and sustained in slices 

derived from wild type mice while that of slices derived from the Rac1 mutant 

mice was impaired, eventually reverting to baseline. However, no differences in 

input/output relationship as well as paired pulse facilitation were observed 

between the WT and the KO, indicating a proper synapse function and a proper 

function of the pre-synaptic component of the signal transmission respectively in 

both animals. Hence, the differences in LTP and LTD generation observed 

between the wild type and the Rac1 mutant mouse could not be attributed to a 

difference in basic synaptic properties or improper function of the pre-synaptic 

component of the signal transmission.  

These findings demonstrate that loss of Rac1 in the CA3 and CA1 

impaired LTP and LTD, and correlate with our previous results, which show that 

the loss of Rac1 affected dendritic spine morphology known to be the locus for 

synaptic transmission. Interesting, they are consistent with the work by Haditsch 

et al. (2009) who showed that the loss of Rac1 impaired LTP in the CA1 and DG. 

They further support previous studies that LTP and LTD generation and 

maintenance require rapid reorganization of the spine actin cytoskeleton and 

actin polymerization (Smart et al., 2003; Zhou et al., 2004; Dillon and Goda, 



183 

 

2005; Bramham, 2008; Lynch et al., 2008; Rex et al., 2009; Kasai et al., 2010, 

Chen et al., 2010). 
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5.3 Loss of Rac1 impaired Learning and memory 

   

During hippocampus-dependent learning, there is an increase dendritic spine 

density on hippocampal neurons impling a remodeling of the actin cytoskeleton. 

Considering that Rac1 is a key regulator of the actin cytoskeleton (Hall and 

Nobes, 2000) we hypothesized that Rac1 was associated with, and necessary for 

hippocampus-dependent learning and memory in the intact animal. Therefore, 

after showing that the loss of Rac1 caused morphological defects and impaired 

synaptic plasticity, and because synaptic plasticity is believed to be a key 

foundation of learning and memory, we investigated whether this defect in 

synaptic plasticity also affected learning and memory. Bearing in mind that 

learning and memory cannot be observed directly, but only inferred when there is 

change in behavior, a battery of behavioral control and learning specific tests 

was carried out to assess these changes. Herein, we have showed that Rac1 

deficient mice behaved similarly to the wild type and the heterozygote animals in 

control tests: open field test, rotarod, pre-pulse inhibition of startle response, hot 

plate and anxiety-related tests: light dark and elevated plus maze. However in 

learning and memory tests (fear conditioning and Morris water maze tests), Rac1 

deficient mice showed impaired performance as compared to their control 

groups. Minor differences were observed between the wild type and the 

heterozygotes.  
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 The open field activity test, often used to assess exploratory behavior, and 

anxiety traits, indicated that Rac1 deficient mice exhibited similar behavior to that 

of the wild type and heterozygote controls. This indicates that ablation of Rac1 

did not compromise their normal exploratory behavior and/or alter their anxiety 

state. To confirm these results, Rac1 mutant mice were tested for other anxiety 

related tests such as the elevated plus maze and light-dark, with similar results. 

Since both fear conditioning and the Morris water maze tests also require 

movement of animals, the prior assessment of their performance in the open field 

activity test was very important, in order to avoid attributing poor performance in 

learning and memory tests to learning and memory impairments, when it might 

be in fact, due to impaired motor function or motivation. Because the loss of 

Rac1 did not alter basic exploratory behavior and/or anxiety levels, this animal 

model can be used to study the role of the Rac1 in learning and memory. If any 

changes were to be found compared to littermate controls, those changes can 

most likely be attributed to cognitive changes.  

 Similarly, performance on a rotating rod is an important measure for motor 

coordination and balance (Chapillon et al., 1998, Carter et al., 1999) and it was 

used in this study mostly as a control test for muscle function. Following two days 

of training on the rotarod, all groups of animals showed significant increase in 

latency to fall from the rod, with no significant differences observed among the 

three groups. Thus, loss of Rac1 did not affect motor coordination and balance. 
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Furthermore, motor learning appear to be normal in Rac1 deficient mice 

compared to their controls, indicating that the cerebellum works properly in this 

newly developed model (Mason and Sotelo, 1997). Based on these findings, any 

deficiencies to be observed in the mutant mouse during the Morris water maze 

test will not be attributed to impairments in motor coordination and muscle 

development problems. 

 The pre-pulse inhibition of startle response was used to assess general 

reflexes (startle), gross hearing ability and auditory threshold, factors that are 

very crucial for training during the fear-conditioning test. The startle response 

(flinching) exhibited by experimental mice to a loud sound (the pulse) of 120 dB 

alone or a loud sound preceded by five weaker sounds (the pre-pulse) of 74, 78, 

82, 86 and 90 dB was measured, and used to calculate the percentage pre-pulse 

inhibition. In this study, we report that the percentage pre-pulse inhibition 

increased with increase pre-pulse sound for the wild type, heterozygote and 

Rac1 mutant mice (4.3.3). These results suggest that the three groups of mice 

tested were not only able to hear well (hearing ability), but were able to 

distinguish among the different pre-pulses (auditory threshold). In addition, we 

observed that there was no significant difference in percentage pre-pulse 

inhibition between the wild type, the heterozygote and the Rac1 deficient mice, 

indicating that the loss of Rac1 did not affect the general reflexes, hearing ability 

and auditory threshold of the mice. These results are interesting for our study 
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because the fear conditioning task has an auditory component according to the 

protocol used herein. Thus, any deficiencies observed in the fear-conditioning 

test will not be attributed to an impaired auditory system. 

 Fear conditioning testing also has a sensory component, in which a shock 

is administered to mice. They learn to associate a specific place or context with 

that painful stimulus. As such, it is important to determine whether a genetically 

altered mouse has similar perceptual/sensory abilities as the controls. Towards 

this aim, latency to react to pain caused by heat on a hot plate set at 55˚C was 

used as an indicator of sensory-perceptual function of the study mice. All three 

groups tested showed similar latency to discomfort, waiting about six seconds 

before reacting to the heat, which is within the time limit taken by other control 

animals to show discomfort (Crawley, 2000). These results indicate that the loss 

of Rac1 did not affect the sensitivity of Rac1 mutant mice to painful stimuli. The 

mutant mice were therefore able to feel the mild shock that was given in the fear 

conditioning chamber during training. 

The light-dark and elevated plus maze are two anxiety-related tests, which 

were used to confirm the results obtained from the open field on anxiety related 

behavior. Both tests are based on the natural curious behavior of mice, which are 

usually faced with the dilemma of exploring a new environment, while at the 

same time avoiding the hostile nature of a well-lighted area (Pellow et 1985., 

Crawley and Goodwin 1980; Crawley, 2000). Our data for the light-dark task 
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shows that the three groups tested spent more time in the dark and less time in 

the light compartment, with no difference in time observed between them in any 

of the compartments. In agreement with the light-dark paradigm, the elevated 

plus maze test shows that wild type and heterozygote controls as well as the 

mutant mice spent most of their time in the closed arms. The results obtained 

represent normal mouse behavior, and indicate that the loss of Rac1 from the 

hippocampus did not produce anxiolytic mice. 

After demonstrating that our hippocampal Rac1 deficient mouse is normal, 

we used this mouse to assess the role of Rac1 in learning and memory. We 

employed the fear conditioning test, an associative memory test, and the Morris 

water maze, a spatial learning and memory test. In the contextual fear learning, 

Rac1 deficient mice exhibited significant cognitive impairment as compared to 

their wild type and heterozygous littermates. However, in the cued fear 

conditioning test, no significant differences were observed among the three 

groups. Contextual fear is a form of associative fear learning that is largely 

dependent on the hippocampus, while cued fear learning is also dependent on 

the amygdala (Phillips and LeDoux, 1992; Logue et al., 1997; Kandel, 2000). 

Martinez et al. (2007) demonstrated that Rac1 in the hippocampus was activated 

during fear conditioning 1 hour and 24 hours post training in an NMDA receptor 

dependent manner however, they did not show whether this Rac1 activation was 

necessary for contextual fear conditioning. Using a genetic approach, in this 
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study we show that, in the hippocampus, Rac1 is required for learning and the 

acquisition of short term as well as long-term memory during contextual fear 

learning. These results from fear conditioning test further confirm that the 

ablation of Rac1 only took place in the hippocampus since cued fear learning, 

which is amygdala dependent, was not affected by the loss. It would be 

interesting to test whether removal of Rac1 from other specific brain regions such 

as the amygdala translate in this type of learning and memory being also 

impaired. 

The Morris water maze test was originally designed by Morris (1984) to 

evaluate spatial learning and memory (a hippocampus-dependent cognitive 

function). In these developed animals, we found that the loss of hippocampal 

Rac1 affected the type of learning tested with this task. The higher escape 

latencies exhibited by Rac1 mutants during training likely indicates that these 

animals, while capable of learning, are slower learners than their control 

littermates. Furthermore, the finding that Rac1 deficient mice spent significantly 

less time in the target quadrant, crossed the platform location (platform 

frequency) significantly less number of times and spent significantly less time on 

the platform location (platform duration) than the wild type and heterozygote 

littermates during the 1 hour probe test is an indication that the loss of 

hippocampal Rac1 also affected spatial and working memory. This finding is 

strengthened by the 24 hours probe test where the Rac1 mutant mice maintained 
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almost the same behavior observed during the 1 hour probe test whereas the 

controls slightly modified their behavior by reducing the time spent in the target 

quadrant, number of platform crossings and platform duration, suggesting that 

control mice learnt that the platform was absent. Satisfactoryly, this finding is in 

agreement with studies by Maei et al. (2009) who used the decline in search 

accuracy in a large number of probe trials as a within-test extinction to show that 

after the first probe test, mice learn that the platform is absent and therefore shift 

strategy to search elsewhere. Such within-test extinction behavior in itself, is 

thought  to provide an informative index of cognitive function or certainty (Maie et 

al, 2009). 

These findings are in line with previous studies (Morris et al., 1986; Morris, 

1989; Tsien et al.,1996b, Bordi et al., 1996), which show that  the hippocampus 

is involved in spatial learning and memory. Of particular interest, this finding 

supports the belief that the hippocampus contains a cognitive map of spatial 

environment through its “place cells” (O’keefe and Dostrovsky, 1971; O'Keefe 

and  Nadelb, 1978; Zola-Morgan et al., 1986; Rempel-Clover et al., 1996), which 

are said to be involved in the encoding and initial storage of experience-

dependent spatial information. This is supported by the fact that pharmacological 

or genetic inactivation of the N-methyl-D-aspartate (NMDA) receptor in the 

hippocampus causes the loss of spatial memory (Morris et al., 1986; Morris, 

1989; Tsien et al.,1996b, Bordi et al., 1996). What is more, the enhancement of 
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the NMDA receptor activity produced the “Smart Mice” because they showed 

better performance on several memory tasks as compared to the controls (Tang 

et al., 1999).  

 A strong relationship between actin cytoskeleton regulatory proteins and 

synaptic plasticity has been reported by several groups (Hering and Sheng, 

2000; Zhang and Benson, 2001; Robinson et al., 2001; Smart et al., 2003; Dillon 

and Goda, 2005; Lynch et al., 2007; Bramham, 2008; Dietz et al., 2009). It is well 

known that LTP is associated with changes in dendrites and creation of new 

spines (Yuste and Bonhoeffer, 2001; Fukazawa et al., 2003). These 

modifications are mediated by proteins that increase actin polymerization (Lin et 

al., 2005), such as PAK, cofilin (Zhou et al., 2004; Rex et al., 2007; Asrar et al., 

2009), and myosin IIb (Rex et al., 2010) and WAVE1 (Soderling et al., 2003). 

Here we show that Rac1, an upstream effector in this actin regulatory cascade, 

reduced spine density and impaired LTP and LTD (change in synaptic structure 

and function). In agreement with our results, Bongmba et al. (2011) have shown 

an upregulation of Rac1 in the Fmr1 knockout mice (a mice model for FXS) and a 

resulting exagerated LTD that was remarkably rescured by Rac1 inhibitors. To 

further support our findings, Chen et al. (2010) have reported a defective 

Rac/PAK signaling pathway in FXS. Impairment of LTP and LTD in Rac1 mutant 

mice therefore suggests a malfunctioning in the spine actin and its regulators 

making Rac1 a good target protein as an upstream regulator in this cascade.  
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Our results confirm the importance of actin regulatory proteins in synaptic 

structure and further support previous work by Haditsch et al. (2009) which linked 

Rac1 to synaptic plasticity. Expert concensus in neuroscience research today is 

that synaptic plasticity enhances memory. One of the very important components 

of synaptic plasticity is dendritic spine morphogenesis, also well known to be very 

important for learning and aging (Bailey and Kandel, 1993; Harris and Kater, 

1994). Other studies have shown that Rac1 knockout mice have a specific 

learning deficit (Haditsch et al., 2009). This fact, together with our results 

indicates that Rac1 is responsible for the regulation of spine actin cytoskeleton 

thereby inducing morphological changes that are necessary for learning to take 

place.  

Given the fact that (1) Rac1 gets activated and translocates from the 

cytosol to the membrane upon NMDA receptor activation (Tejada-Simon et al., 

2006), a process that also occurs during dendritic abor growth (Li et al., 2002), 

(2) dendritic spines of glutamatergic synapses are initially formed in response to 

NMDA receptor activation (Fisher and Dani, 2000), and (3) reduction in Rac1 

causes a reduction in p-PAK-1, p-LIMK-1 and p-Cofilin-1 (Tejada-Simon and 

Bongmba, 2012), we conclude that the Rac1/PAK-1 signaling pathway to actin 

cytoskeleton remodeling may be defective in Rac1 mutant mice thereby. This 

defect has affected dendritic spine density (synaptic structure) which has led to 

impaired LTP and LTP (function) and consequently impairments in learning and 
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memory. These results corroborate the findings of a great deal of work in this 

field. 

Putting everything together, we propose that in control animals with 

normal signaling, Rac1 is activated and translocates from the cytosol to the 

membrane upon NMDA receptor activation and synaptic activity, and in turn 

activates PAK-1. Active PAK-1 (p-PAK-1) phosphorylates and activates LIMK-1 

which phoshorylates and inhibits Cofilin-1 from catalyzing F-actin 

depolymerization and severing, thereby promoting actin polymerization (Morgan 

et al., 1993; Bokoch, 2003). The polymerization of actin promotes spine 

formation and maintenance, leading to synaptic plasticity and enhancement of 

learning and memory. However, in Rac1 mutant mice, the reduction of Rac1 

leads to an error in Rac1/PAK-1 signaling cascade beginning with the reduction 

of p-PAK-1, p-LIMK-1 and finally p-Cofilin-1 with the results being actin 

depolymerization; and consequently dendritic spine pruning and impaired 

memory as indicated by our findings. This impairment of spatial learning and 

memory as observed to be caused by the loss of Rac1, therefore identifies Rac1 

as a target molecule in this signaling cascade cognition. 
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6. Summary of Findings and Conclusions 

1. The present study shows that the cre/LoxP system is indeed a useful 

tool to develop site-specific mutations in a gene of interest. Herein it has been 

successfully used to create a hippocampal Rac1 deficient mouse. The loss of 

Rac1 in the hippocampus of this mutant mouse was time dependent, with the 

protein being reduced from 16% at two months to 90% at six months. Loss of 

Rac1 in this mouse spread to the CA3/DG in the older animals tested. This time 

dependent and progressive pattern of loss of Rac1 allowed the normal 

development of neonates in the presence of Rac1, and post-developmental study 

of the role of Rac1 in adult mice. This offers the advantage of the time and tissue 

specificity of the Cre/loxP system.  

2. Loss of Rac1 in the hippocampal CA1 area did not induce 

compensation by other related small GTPases of the same sub-family, such as 

Cdc42, RhoA or RhoB suggesting that, when effects were found, compensatory 

mechanisms were not a concern. 

3. Rac1 deficient mice developed normally from birth to adults displaying 

no gross physical or behavioral abnormalities when compared to their wild type 

counterparts. In addition, they showed normal gross hippocampal morphology. 

4. Rac1-deficient mice showed aberrant dendritic spine morphology as      

compared to their wild type littermates. Interestingly, the time of onset of 

abnormal dentritic spine morphology corresponded with the loss of Rac1. This 



195 

 

could be a clear indication that Rac1 is necessary for the development and 

maintenance of dendritic spines. Parallel studies in our laboratory have revealed 

that Rac1-deficient mice present impaired long-term potentiation (LTP) and long-

term depression, with normal input/output ratio (I/O) and paired pulse facilitation 

(PPF) as compared to their control littermates. This indicates that the impaired 

long-term plasticity is likely due to the loss of Rac1. 

5. Rac1 mutant showed a time dependent reduction in the expression of 

downstream effectors of Rac1 such as phosphorylated PAK-1, LIMK-1 and 

Coifilin-1, suggesting a defect in the Rac1/PAK-1 signaling cascade that 

modulates the actin cytoskeleton remodeling.   

6. Rac1 deficient mice behaved similarly to the wild type and heterozygote 

groups in control behavioral tests (open field test, rotarod, pre-pulse inhibition of 

startle response, hot plate) and anxiety-related tasks (light dark and elevated 

plus maze), indicating normal neurologic and behavioral function. However in 

learning and memory tests (fear conditioning and Morris water maze), they 

showed impaired performance as compared to wild type and heterozygote 

littermates. 

7. Control groups (Wild type and heterozygous mice) comprising the 

parental lines (floxed and cre+/+ animals) and the F1 generation from the 

parental lines crossed did not show any differences in Rac1 reduction, dendritic 

morphology and cognitive behavior. 
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8. Our studies suggest that Rac1 is a critical protein for neuronal structural 

plasticity, functional plasticity and consequently learning and memory. 
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