AAYV Mediated Alpha CaM-Kinase II Suppression and Up

Regulation: Behavioral Studies and Western Blot Analysis

Submitted in Partial Fulfillment of the Requirements for Graduation with Honors to the

Department of Natural Sciences at Carroll College, Helena, MT

Deven Duus Robinson
April 3, 2006




This thesis for honors recognition has been approved for the Department of Natural
Sciences by:

M 4 E A AN

Dy Jacqueline Brehe (Director)
Associate Professor Department of Natural Sciences

/\;"/\Z»N /) Addn

v Dr. John Addis (Reader)
Professor Department of Natural Sciences

[ ] 1
Iy, |
[/ / fA . } & )
‘ ¢ :f a4 / V. | ".J _-"'l 41", J ) - PAN] S

o) ( Dr. Jeffrey Morris (Reader)
Associate Professor Department of Languages and Literature




ACKNOWLEDGEMENTS

Support was provided by the Complex Biological Systems (CBS) Summer
Undergraduate Research Program funded by the National Science Foundation, National
Institutes of Health, and the Howard Hughes Medical Institute. A special thanks goes to
Martha Peters, the Hughes Undergraduate Biology Program Coordinator and coordinator
of the CBS program. I would like to thank Dr. Mike Babcock for allowing me to work in
his lab and for all his insight and support. I would also like to thank Dr. Jacqueline Brehe

for being my thesis director and Dr. Gerald Shields for all his help with the writing

process. In addition, I would like to express thanks to Dr. John Addis for being my

advisor and a reader, as well as Dr. Jeffery Morris for being a reader. A thanks also goes
to all of the lab personnel for their assistance in lab. In addition I would like to thank Dr.
Poulsen of the University of Montana for providing us with our AAV-anti-sense, AAV-

sense, and AAV-GFP viruses. Last, I am grateful to the stellar CBS program faculty and

staff at MSU-Bozeman.




TABLE OF CONTENTS

Acknowledgements

Table of Contents
Abstract
List of Figures

Introduction




ABSTRACT

The goal of the present study was to both inhibit the a-CaM-Kinase II (a-CaM-K
II) enzyme, and to over-express it in neurons in order to observe if the enzyme has a role
to play in memory as measured by behavioral and learning tests. An adeno-associated
virus (AAV) containing either sense or anti-sense RNA to the a-CaM-K II protein was
designed for the over-expression or suppression of the enzyme, respectively. Morris-
water and open field mazes were used to test for the effects of the differences in protein
concentration on memory and behavior. An increase in protein in the rats receiving sense
RNA, as apparent in Western Blots, correlated with significantly greater time in the target
quadrant when compared to the controls, as expected if a-CaM-K II protein was involved

in the establishment of memory. Concentrations of a-CaM-K II protein in the

hippocampi were determined 29 days after introduction of the virus using Western Blots.

The concentrations of a-CaM-K II protein in the rats receiving sense RNA (n =6 ) were
statistically larger (p<0.05 ) compared to the controls (n=5). There were no statistical
differences seen between the rats with the anti-sense RNA and the control rats in the
behavioral and learning tests. This correlated with the lack of difference in the
concentrations of the enzyme in the hippocampi of the rats receiving the anti-sense RNA

and controls.
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INTRODUCTION

Ischemic and hemorrhagic strokes occur in humans. The former occurs when
blood-carrying oxygen has been blocked from getting to brain tissue, while the latter
occurs when bleeding surrounds the brain (NINDS, 2005). Transient cerebral ischemias
(TCI) (strokes) affect many people each year who suffer from near drowning, heart
attacks, or other injuries that cut off oxygen from the brain, however the mechanism by
which TCI’s cause damage is the subject of on-going investigation (Babcock et al., 2005).

It has been shown that during transient cerebral ischemia an activity decrease
occurs in calcium/calmodulin-dependent o-CaM-K II protein (Babcock et al., 2005). o-
CaM-K II protein makes up two percent of the protein in the hippocampus where it is
required for the induction of long-term potentiation (LTP)(Babcock et al., 2005). LTP is
a reflection of the increase in synaptic strength that can occur in high-frequency or paired
stimulation and is believed to be a cellular correlate of memory (Babcock et al., 2005).
The a-CaM-K 1I protein can remain active for up to one hour after activation, which
makes it a good candidate for being involved in the cellular mechanism of LTP (Lisman
et al., 2002). A reduction in the active a-CaM-K II protein may be the mechanism by
which TCI’s cause loss of memory (Yamauchi, 2005). Mice in which the o-CaM-K II
protein was knocked-out had greatly reduced LTP and spatial learning in the Morris
water maze (Yamauchi, 2005).

Lack of oxygen in hippocampal neurons, which are sensitive to TCI, causes
excessive excitation resulting in a large release of the neurotransmitter glutamate. This

“flooding” of glutamate binding to the N-methyl-D-asparate (NMDA) receptors

correlates with excessive entry of Ca*?into cells (Babcock et al., 2005). a-CaM-K II




protein is sensitive to calcium and is inactivated by large changes in the ion (Babcock et
al., 2005).

The goal of this study was to vary the amount of a-CaM-Kinase II enzyme in the
hippocampus of rats in order to observe its effect on learning and behavior. I used sense
RNA in a modified adeno-associated virus (AAV) to raise a-CaM-K II levels. Anti-sense
RNA was used to lower the a-CaM-K II protein levels. The AAV was injected into the
hippocampus of SD (Sprague Dawley) rats by a stereotaxic surgical procedure, and after
three weeks of recovery, leaming and behavior testing was conducted using a Morris
water maze and an open-field (locomotor) maze. After animals were euthanized and their
hippocampi had been removed, Western blot analysis was used to determine the
concentration of the a-CaM-K II protein in the hippocampi for the different conditions.

I hypothesized that rats with over-expression of the a-CaM-K II protein would

show increased memory and better performance in the behavioral testing as compared to

the control rats. I also hypothesized that rats with decreased levels of the protein would

exhibit deficits in memory and learning and would perform poorly in the behavioral

testing as compared to the control rats.




LITERATURE REVIEW

Learning

Learning can be described as the process of gaining knowledge or skills (Carlson,
1998), and can be acquired through experience or study leading to changes in behavior of
the individual (Thompson. 1986). These changes are usually persistent and can be
measured (Thompson, 1986). Learning allows individuals to formulate mental
constructs, which leads to memory. Memory is the brain’s ability to store information
and be able to recall it for later use (Wikipedia, 2006).

Short term memory and long term memory can be distinguished by how they
affect the brain (Squire et al., 1993). Short term memory usually will last somewhere
between seconds and hours whereas long term memory may last weeks or years (Goelet
etal., 1986).

Two types of learning exist: associative and non-associative. Non-associative
learning occurs when you experience an event repeatedly and you remember the event
(Thompson, 1986). Associative learning occurs from the pairing of two events
(Thompson, 1986). For example, when you pair the ringing of a bell and the feeding of a
dog, the dog then associates the ringing of the bell with feeding.

Learning has been long associated with structural changes in the brain.
Rosenzweig and Bennet (1996) showed that rats that were divided into two groups since
birth showed large differences in their brain size depending on environment. One group

had a learning-enriched environment with numerous toys for learning, while the second

group was deprived of anything in their environment to use as a learning tool. The




learning group showed thicker cortexes, more glial cells, and higher protein content,
compared to the learning-impoverished group. Other studies with enriched learning
environments found that the size of postsynaptic densities increased (Carlson, 1998).
Brain Anatomy associated with learning

The areas of the brain that have been investigated and shown to be involved with
learning and memory include areas of the cerebral cortex, amygdala, and hippocampus
(Fyhn et al., 2004). The cortex is involved in storage and retrieval of remote spatial
memories (Maviel ef al., 2004). The amygdala has been implicated in memory dealing
with fear (Seidenbecher, 2003). Also implicated in memory are the temporal cortical
visual areas and the frontal and temporal cortices (Rolls, 2000). The temporal cortical
visual areas are thought to be associated with learning constant symbols of objects (Rolls,
2000). The hippocampus has been studied most extensively and has the strongest
evidence in support of its role in establishing long term memory. The hippocampus,
located in the temporal lobe of the brain, contains pyramidal cells (Carlson, 1998). These
neurons with their pyramidal shape form synapses with cells of the dentate gyri in the
cortex, which are studded with around 30,000 dendritic spines (Carlson, 1998). It is at
the dendritic spines that the structural and biochemical changes that cause long term
potentiation (LTP) occur.
Long Term Potentiation

First studied in rabbit hippocampi, LTP is defined as rapid and constant synaptic
enhancement (Brown ez al., 1988). This enhancement is brought about by brief (tens of
milliseconds), repeated stimulation (Brown et al., 1988). The synaptic enhancement can

be described physiologically by an enlargement in the amplitude of the excitatory



postsynaptic potential (EPSP) produced by a single pulse stimulation of a postsynaptic
cell (Brown et al., 1988). Learning can cause changes in the structure of the neurons
involved, but what elicits these changes is LTP, which is an increase over time in a
neuron’s excitability to a synaptic input created by the repeated high frequency activity of
the synaptic input (Lomo, 1966). In the hippocampus, circuits that have been electrically
stimulated can lead to changes in the synapse which can contribute to learning (Carlson,
1998). LTP was first described by Lomo (1966). Lomo (1966) found that when axons
leading from the entorhinal cortex to the dentate gyrus were stimulated by intense
electrical stimuli, the postsynaptic cell’s excitatory postsynaptic potentials were increased
in magnitude over the long term.

An experiment showing that LTP occurred in the hippocampus was done when a
stimulating electrode was positioned in the axons in the dentate gyrus and a recorder
electrode was placed in the postsynaptic granule cells of the dentate gyrus (Swanson et
al., 1987). When an electrical stimulus is dispersed to this path, the resulting excitatory
postsynaptic potential (EPSP) is then recorded on the dentate granule cell. After LTP has
taken place, either by natural or artificial means, the response of the recording electrode
in the postsynaptic cells of the dentate gyrus is greater (Carlson, 1998). It has been shown
that LTP can last for up to several months (Bliss and Lomo, 1973).

Consolidation of memory is the process in which recently acquired information
gradually transforms from an initial unstable state into permanently stable memories
(Maviel et al., 2004). LTP is the foundation of consolidation. The hippocampus is one
of the brain regions critical in the formation of these new memories (Maviel et al., 2004).

Short term memory involves modifications of proteins already occurring in the brain



(Goelet et al., 1986). With short term memory, there is momentary potentiation of the
neural connections (Wikipedia, 2006). LTP is the process by which short term memory
is consolidated as long term memory through repeated, reinforcing, electrical activity at
the synapse. According to Goelet ez al. (1986) long term memory involves the synthesis
of new proteins, and the insertion and synthesis of new receptors in the membrane (Hill et
al., 2004). Protein synthesis is needed in the hippocampus for memory, and when
synthesis is blocked using anisomycin, LTP is prohibited (Frey et al, 1988). Lee et al,
(2004) stated it well when they wrote: “internal representations of the external world
eventually become encoded and stored as persistent molecular and/or structural
modifications.”
Cellular Changes

The molecular basis of LTP involves receptors and the neurotransmitters that bind
to these receptors. Synaptic strengthening occurs when there are more receptors inserted
into the synapse and the amount of neurotransmitter released is increased (Montgomery
and Madison, 2004). For example, receptors can be inserted into the synapse or removed
by exocytosis and endocytosis (Montgomery and Madison, 2004). Synaptic
strengthening, which is needed for LTP to occur, will happen when the postsynaptic
receptors situated in the dendritic spine bind with neurotransmitter molecules (Carlson,
1998). For the increase in strength of the synapse, the synapse has to be active when the
cell’s postsynaptic membrane is depolarized (Carlson, 1998). Two types of glutamate
receptors are found at the synapses in the hippocampi: non-NMDA and NMDA. In
normal synaptic activity not involving LTP, glutamate acts on non-NMDA receptors (Hill

et al., 2004). However, when LTP is occurring (repeated stimulation of the postsynaptic



cell), a Mg®" block is released from the NMDA receptors and glutamate is able to activate
them (Hill ez al., 2004). This leads to increased calcium accumulation in the postsynaptic
cells and also positive feedback that leads to increased glutamate release in the
presynaptic cells (Hill er al., 2004).

NMDA Receptor/a-CaM-K II Protein

The main receptor of interest in the hippocampus and in this study was the
glutamate NMDA receptor. The NMDA receptors are activated by the enzyme tyrosine
kinase when the enzyme is phosphorylated (Lu and Roder, 1998). Glutamate or glutamic
acid is considered to be the most important excitatory neurotransmitter in the brain
because of its widespread presence (Carlson, 1998). The NMDA receptor, when
activated, permits calcium and sodium influx into the postsynaptic cell. However, for the
NMDA receptor to be active, glutamate has to be present and the membrane has to be
depolarized because of repeated stimulation (Silva et al., 1992). The calcium that enters
when the NMDA receptor is stimulated acts as a second messenger that activates enzyme
systems, including protein kinases which bring about physiological effects on the neural
cells and constitute an area of ongoing research (Carlson, 1998).

One of these protein kinases activated by calcium is the protein type II calcium-
calmodulin kinase (0-CaM-K II), which has very high concentrations in postsynaptic
cells in the hippocampus (Silva et al., 1992).

Mutant mice that do not produce the enzyme o-CaM-KII, do not undergo LTP
(Silva et al., 1992). Since LTP correlates strongly with increased memory, the absence of
a-CaM-K II caused a decrease in memory. The mutant mice were able to function

normally in the laboratory environments; however their spatial learning was impaired



(Silva et al., 1992). The rest of the neural mechanisms were shown to be functional,
including the NMDA receptor and neurotransmitter glutamate (Silva et al, 1992). In the
study, mutant mice did not experience LTP by electrical stimulation, however normal
mice showed an increase in synaptic strength of the hippocampus leading to LTP (Silva
et al, 1992). Silva et al. (1992) concluded that a-CaM-K 1I is involved in an LTP
regulatory pathway, and in the few unlikely events in which LTP was observed without

o-CaM-KII being present, was due to another kinase such as §-CaM-K II.



MATERIALS AND METHODS
Plasmid Vector

The plasmid vector contained either an anti-sense or sense RNA for a-CAM K II,
and was developed by Dr. Dave Poulsen (Center for Structural and Functional
Neuroscience, U. of Montana). A plasmid with RNA coding for Green Fluorescent
Protein was used as a control, and the plasmid vectors were inserted into a modified
recombinant adeno-associated virus (AAV) from which almost all of the genetic material
had been removed.
Animals

Using stereotaxic surgery, AAV was injected into the hippocampus of adult
female SD (Sprague Dawley) rats. Following the surgery, the animals were housed in
MSU’s Animal Resource Center (ARC) at a temperature of 23° C on a 12-hour light/dark
cycle and were given food and water ad libitum. MSU’s International Animal Care and
Use Committee approved all experiments. The surgical protocol developed by Babcock
et al. (2005) was followed. A microsyringe was used to inject the virus from a
programmable infusion pump at a rate of 4 ul/min. for 20 minutes (4x109gen0rnic
particles/hippocampus). Six rats were given AAV with sense RNA, and seven rats were
given AAV with anti-sense RNA. There were five controls.
Open Field (locomotor) Test

Following three weeks of recovery after surgery, animals were tested for
behavioral changes using an open field maze, consisting of a 4 ft X 4 ft wire mesh screen
surrounded by an 18 cm wall. A black felt pad was placed two in below the mesh screen.

Recording and analysis of the movements and actions of the rats were done using the



ANY-maze™ program. Each rat was placed into the open field maze for five minutes

and the data were recorded. ANOVA analyses were performed on the data as well as
analysis of the recorded trial videos. Values of P < 0.05 were considered significant.
Morris Water Maze Test

The water maze test was also performed three weeks after surgery. The rats were
tested on being able to locate a hidden platform in a 1.37-m-diameter water tank. The
tank was filled to a depth of 30 cm and held near 24°C. A plexiglas platform was placed
10 cm from the wall, with the top one cm below the surface of the water. Visual cues in
the room were held constant. The water was made opaque using non-toxic powdered
tempra paint. Each rat underwent a training phase in which it was tested with four trials a
day, for four days. In each of the four trials, rats were placed in a different quadrant of
the maze. Each trial lasted for 60 sec, and if the rat had not found the platform within
that time, it was placed on the platform for 10 sec. A probe trial, in which the platform
was removed, was given on the fifth day. The animal was released from the farthest
point from where the platform would have been, and the trial lasted 60 seconds. Time
spent in the quadrants was recorded, and ANOVA analyses were later performed on the
data focusing on the distance traveled and the time spent in the proper quadrant. Values
of P < 0.05 were considered significant.
Analysis of a-CaM K II Protein

The rats were euthanized 26-28 days after surgery following completion of the
learning and behavioral testing. After the animals were anesthetized and then
decapitated, the hippocampi of each rat were removed and placed on dry ice to freeze

within 60 seconds. The hippocampi from each rat were then homogenized and prepared
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for Western Blot analysis (Babcock er al., 2005). Following separation, proteins were

transferred onto Immun-Blot PVDF membranes (Bio-Rad Laboratories, Hercules, CA) to

quantify the levels of the a-CaM K II protein using computerized densitometry (Babcock

et al., 2005). Statistical analysis was performed to determine if these differences in mega

pixels was significant.




RESULTS

The objective of this research was to determine if altering the level of a-CaM-K II
protein would affect learning and behavior in rats. The concentration of a-CaM-K II
protein was significantly greater in the hippocampi of the sense group compared to the
controls as determined by Western Blot analysis. Each band represents the combined left
and right hippocampi of each rat. Different rat hippocampi within a group were not
pooled. Figure 1 shows the bands for two sense rats and two control rats.

Rats given sense RNA (sense rats) spent significantly more time in the target
quadrant than the controls during the probe trial (Fig. 2), however, there was no

significant difference between the rats given anti-sense RNA (anti-sense rats) and

controls in the same test. The probe trial measured what the rats learned in the

learning/training phases.

Sense rats had significantly faster swim speeds in the water maze during the
training phases as compared to controls (Fig. 3).

When the rats were run in an open-field test and the distance they traveled was

measured, no difference was found among the groups (Fig. 4).




WESTERN BLOT ANALYSIS

50 kDa

sense control

Figure 1. Concentrations of a-CaM-K II proteins in the hippocampi were determined 29
days after surgery. Only two bands of each group are shown. The sense bands
demonstrated an increase in concentrations of a-CaM-kinase II protein as compared to
the control bands. A statistically significant difference in density of bands ( p < 0.05)
was observed between sense ( n = 6 ) and control ( n = 5 ) conditions.
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TRIAL TIMES FOR MORRIS WATER MAZE
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Figure 2. Morris water maze analysis of time within the target quadrant. The sense
group ( n = 6 ) differed significantly ( p = 0.02 ) from the GFP control group (n=5).
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SWIM SPEED ANALYSES
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Figure 3. The sense group (n =6 ) had a significantly faster swim speed as compared to
the control group (n=5; p=0.02).
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OPEN FIELD TEST RESULTS
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Figure 4. Open-field maze analysis showing differences in distance traveled over testing
period. Sense (n =06 ), anti-sense (n =7 ), and control (n=15).
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DISCUSSION

The objective of this research was to determine if varying the amount of a-CaM-
K II protein would affect memory as evident in learning and behavioral tests. The
increase in protein in the sense rats, as determined in the Western Blot analysis,
correlated with significantly greater probe trial times when compared to the controls.
This result would be expected if the a-CaM-K II proteins were involved in the
establishment of memory. The above data support the work of Lisman et al. (2002), and
indicates that the a-CaM-K II protein might serve as a molecular control that induces
LTP. A reduction in a-CaM-K II protein has been associated with memory loss as seen
in transient cerebral ischemias (Babcock et al., 2005), although, this was not observed in
the present study which was unsuccessful in its attempt to reduce the levels of a-CaM-K
IT protein. Mice without the a-CaM-K II protein were not able to stimulate LTP and
exhibit reduced spatial memory (Bronstein et al., 1992). This study shows that rats with
higher levels a-CaM-K II protein have increased memory and learning.

There was no significant difference in the abilities of the anti-sense rats to learn
the Morris water maze as compared to the controls. Moreover, there was also no
difference in the concentration of the a-CaM-K II protein between the two groups. Since
a-CaM-K II protein is associated with learning, it would be expected that without a
change in a-CaM-K II protein, there would be no change in learning ability.

The anti-sense RNA given to the rats was expected to reduce the levels of the a-
CaM-K I protein in the hippocampi, however, there was not a decrease in the a-CaM-K
II protein. A technical error might have occurred during stereotaxic surgery so that not

enough of the plasmid was delivered. There may also have been a design flaw in the
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anti-sense plasmid or an error in its production. If any of these three errors had occurred,
the protein levels would not have been reduced or would have been reduced insufficiently,
to cause learning and behavioral problems.

It was unexpected that there was no difference between the experimental groups
and the controls in the training phase times. However, the probe trial is the more
definitive test for learning in this protocol, and a difference was seen between the sense
rats and controls.

In the open field test, if the rats had decreased the distance traveled from the initial
square, it was assumed that learning had occurred with increased familiarity of the
environment. All three groups in this study showed learning had occurred but there were
no differences between groups.

An unexpected finding in this study was the significant difference in the swim
speed of the sense rats when they were tested in the water maze. No citations were found
in the literature referring to this particular measurement of behavior. The technology
used to acquire this measurement is a recent development in the field. It may be
speculated that increased swim speed in the sense group indicates a change in the
locomotion skills of the rats.

This study showed that augmented a-CaM-K II protein resulted in the increased
learning. The protocol used in this study failed to reduce protein levels and there were no
differences seen in anti-sense rats as compared to the controls. Future studies should

repeat this study using a better protocol for suppression and up regulation of this protein.
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