
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Atorvastatin alters expression of caveolin-1 and PSD-95 in mouse brain

Permalink
https://escholarship.org/uc/item/27m6d1m4

Author
Guryev, igor

Publication Date
2011
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/27m6d1m4
https://escholarship.org
http://www.cdlib.org/


 
 

 
 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

Atorvastatin alters expression of Caveolin-1 and PSD-95 in Mouse Brain 
 
 
 
 

A thesis submitted in partial satisfaction of the requirements for the degree 
 

Master of Science 
 
 
 
 

in 
 
 
 

Biology 
 
 
 

by 
 
 
 

Igor Guryev 
 
 
 
 

Committee in charge: 
 

Gerhard Schulteis., Chair 
Immo Scheffler, Co-Chair 
Gen-Sheng Feng 
Brian Head 

 
 
 
 

2011 



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright 
 

Igor Guryev, 2011 
 

All rights reserved.



 
 

iii 
 

 
 
 
 
 
 
 
 
 

The Thesis of Igor Guryev is approved and acceptable quality and form for 
publication on microfilm and electronically: 
 
 
 

 
 
 
 
 

Co-Chair 
 
 

Chair 
 

 
University of California, San Diego 

 
 

2011 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

iv 
 

 
DEDICATION 

 
  

I dedicate this thesis to my parents for their continued love and support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

v 
 

 
TABLE OF CONTENTS 

Signature 
Page……………………………………………………………………………… iii 
 
Dedication……………………………………………………………………….. iv 
 
Table of Contents……………………………………………………………….. v 
 
List of Figures……………………………………………………………………. vi 
 
Acknowledgements……………………………………………………………... vii 
 
Abstract…………………………………………………………………………… viii 
 
 
 
Introduction………………………………………………………………………. 1 
 
Materials and 
Methods……………………………………………..……………….…………… 7  
 
Results…………………………………………………………………………… 14 
 
Discussion……………………………………………………………………….. 17 
 
Figures…………………………………………………………………………… 19 
 
References………………………………………………………………………. 31 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

vi 
 

LIST OF FIGURES 
 

Figure 1 Cholesterol synthesis pathway……………………………………….19 
 
Figure 2 Whole cell lysate western blots of the hippocampus and 
cortex……………………………………………………………………………………20 
 
Figure 3 Western blot of hippocampus sucrose density fractionation…...…21 
 
Figure 4 Western blot of cortex sucrose density fractionation………………22 
 
Figure 5 Rotor Rod results………………………………………………………23 
 
Figure 6 Barnes Maze primary escape latency results…..…………………..24 
 
Figure 7 Barnes Maze time spent in quadrant results………..………………25 
 
Figure 8 Barnes Maze control group strategies………..……………………..26 
 
Figure 9 Barnes Maze statin group strategies…………..…………………….27 
 
Figure 10 Open Field results……………………………………………………..28 
 
Figure 11 Startle reactivity baseline……………………………………………..29 
 
Figure 12 Startle reactivity results……………………………………………….30 
 
Figure 13 Search strategy diagram……………………………………………...31 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

vii 
 

ACKNOWLEDGEMENTS 
 

I would like to express my appreciation to Dr. Schulteis for giving me the 

opportunity to study in this program and work with his colleague, Dr. Brian Head. 

I would also like to thank Dr. Brian Head and Dr. Jan Schilling for their guidance 

and continued assistance throughout this project. I would like to express my 

gratitude to Dr. Alice Zemljic-Harpf and Joseph Godoy for providing the statin-

treated mice, Dr. Victoria Risbrough and her lab for testing the mice on the open 

field and fear potentiated startle, Jacqueline Bonds for her help with sucrose 

gradient fractionations, Michelle Saldana for her help with Western Blotting, 

Ingrid Niesman for the electron microscopy data, the entire Patel/Roth/Head 

Laboratory including Sarah Kellerhals, Cameron Finley, and Pauline Hu for all of 

their help. Lastly, I want to thank all of my friends who helped keep me on track 

while I worked on this degree. This would not have been possible without you all, 

thank you. 

 
 
 

 

 

 

 

 



 
 

viii 
 

 

 

ABSTRACT OF THE THESIS 

Atorvastatin alters expression of Caveolin-1 and PSD-95 in Mouse Brain 
 
 

by 
 
 

Igor Guryev 
 
 
 

Master of Science in Biology 
 

University of California, San Diego 
 

Professor Gerard Schulteis, Chair 
Professor Immo Scheffler, Co-Chair 

 

Membrane/lipid rafts (MLR) are plasmalemmal microdomains enriched in 

sphingolipids, cholesterol and the protein caveolin (Cav) and are essential for 

neuronal signaling and synaptic development/stabilization. Statins inhibit HMG-

CoA reductase, the rate-limiting enzyme involved in cholesterol biosynthesis. 

There exists much controversy over the effects of statins on neuronal function. 

We investigated the impact of long-term atorvastatin treatment (5 mg/kg/d for 7 

months by oral gavage) on cognitive behavior and brain biochemistry in mice. 

Atorvastatin treatment resulted in significantly longer primary escape latencies on 

probe trial day 1 as assessed by the Barnes maze, indicating impairment of 
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hippocampal-dependent short-term memory. No motor deficits were observed as 

assessed by RotaRod. Sucrose gradient fraction used to isolate MLR from 

hippocampal tissue showed a significant reduction in the protein expression of 

Cav-1 and the post-synaptic density marker PSD-95 from MLR in atorvastatin-

treated mice. These data suggest that statins reduce MLR protein expression, 

which could provide an explanation for the phenotypic changes in cognition. 

Such a finding may provide a biochemical mechanism for cognitive and 

behavioral changes from statins found in the literature. 
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Introduction 

1.1 Statin Background 

Statins, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA 

reductase) inhibitors, are a class of drugs commonly used for lowering blood 

cholesterol and combating cardiovascular disease (CVD). CVD is the number 

one cause of mortality and is responsible for an extremely high morbidity, 

accounting for 17 million deaths worldwide (WHO-Health report). Based on 

extensive research from clinical trials with patients at different levels of risk, statin 

therapy has become the foundation of cardiovascular risk management (Krobot 

K.J. et al., 2011). It is estimated that over 20 million Americans take statins, 

making these drugs the most widely prescribed class in the world (Mann D. et al., 

2008). This is not surprising considering that the American Heart Association 

heart and stroke statistics indicate that 80 million Americans have one or more 

forms of diagnosed CVD (Maggo S.D. et al., 2011). Statins act by competitively 

inhibiting the enzyme which produces L-Mevalonate, a pre-cursor to cholesterol, 

from 3-hydroxy-3-methylglutaryl-CoA (figure 1). The pathway illustrates that 

statins are affecting more than just cholesterol; they are inhibiting the production 

of a protein that is a precursor to isoprenoids as well as two enzymes involved in 

protein prenylation, a process which is important for facilitating attachment to cell 

membranes.  

1.2 Statins and the Blood Brain Barrier 
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There are nine statins developed to date and they can be separated into 

synthetic and fungus derived groups. While cerivastatin, atorvastatin, fluvastatin, 

pitavastatin, and rosuvastatin are synthetic, lovastatin is fungus derived and 

mevastatin, pravastatin and simvastatin are semi-synthetic (Sierra S. et al., 

2011). Furthermore, statins can be separated by their lipophilicities. While 

Cerivastatin, Simvastatin, Fluvastatin, Atorvastatin, Pitavastatin, and Lovastatin 

are lipohilic, Mevastatin, Pravastatin, and Rosuvastatin are hydrophilic 

(Serajuddin A.T. et al., 1990; White M.C., 2002). Although initially hailed as a 

class of wonder drugs, the effects of statins are now receiving more scrutiny due 

to an influx of research on the topic as well as anecdotal reports from patients. 

The most common side effects of muscle pain or weakness and a possibility of 

myositis and death have been well documented but the research regarding the 

effect of statins on the brain has been less abundant (Thompson P.D. et al., 

2003). A number of studies that demonstrate the effects of statins on behavior 

and cognitive function have been published however. One case report study 

showed that severe irritability may occur with patients on sttatin (Golomb B.A. et 

al., 2004). Another study which looked at 171 patients found memory and 

coginitive problems associated with statin treatment (Evans M.A. et al., 2009). 

One question which remains to be definitively answered is what effect lipophillic 

statins have on the brain if they have the ability to cross the blood brain barrier 

(BBB). A recent controversial statin review implicated statins in a mechanism of 

neuroprotection and cited an article which showed that statin treatment also 

increases LDL-receptor degradation along with reduced levels of cholesterol in 
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the blood (Ness et al., 1996; van der Most P.J. et al., 2009). The review went on 

to cite another paper which allegedly agreed with their assumption that the 

statins which are able to cross the BBB reach only a relatively low concentration 

(van der Most P.J. et al., 2009). The paper in question did agree that the 

hydrophilic pravastatin was not detected in cerebrospinal fluid (CSF), however it 

made a point that the lipophillic lovastatin was detected in CSF at concentrations 

that may have a pharmacologic effect (Botti R.E. et al., 1991). In addition, the in 

vivo and in vitro BBB permeability coefficients for the lipophilic statins lovastatin 

and simvastatin are relatively high. 27.7 ± 3.9 µl/min/cm2 for Simvastatin and 

57.9 ± 9.6 for lovastatin in vivo (Saheki et al., 1994). The data from these papers 

suggests that lipophilic statins may indeed have the ability to cross the BBB. If 

that is the case, then lipophilic statins could have an effect on the brain’s 

cholesterol synthesis. 

1.3 Cholesterol in the Brain 

The human brain contains 20% of the body’s total cholesterol content 

(Russell D.W. et al., 2009). Russell and colleagues suggests that neurons 

actively synthesize and break down cholesterol and that these alterations have 

serious effects on higher-order brain function. There are two sources of 

cholesterol available to tissues, one is an exogenous source from plasma 

lipoproteins and the other is an endogenous source in the form of a 20 enzyme-

containing biosynthetic pathway converting acetate to cholesterol. The brain 

however relies solely on the synthesis of cholesterol in order to meet its needs as 

the BBB prevents plasma lipoproteins from entering the brain. A 2001 study 
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showed that free cholesterol is a major non-protein component of synapses and 

is a limiting factor in synapse development (Mauch D.D. et al., 2001). The study 

demonstrated that synaptic activity increased with cholesterol, that lowering 

cholesterol in glial cultures with mevastatin decreased synaptic activity, and that 

glia-depenendent cholesterol delivery and neuronal uptake was mediated via 

LDL’s. Cholesterol along with glycosphingolipids and sphingomyelin is also an 

important member of MLR’s which are discrete regions of the plasma membrane 

essential for synapse development, stabilization and maintenance (Willman R. et 

al., 2006). Overall, the research on this topic implicates cholesterol as a 

significant contributor to synapse formation and an important member of MLR’s. 

1.4 Cholesterol and Caveolin 

Caveolin-1 (Cav-1) is a cholesterol binding and resident protein of MLR’s 

that is highly expressed in neurons and glia (Trushina E. et al, 2006; Head P. et 

al., 2007; Lisanti M.P. et al., 1994). Caveolin is a 22-kD integral membrane 

protein which has been implicated in the scaffolding of protein partners and 

involved in the protection and trafficking of proteins to and from the plasma 

membrane (Head B.P. et al., 2007). Cholesterol is necessary for the binding of 

caveolin to liposomes and their interaction suggests a dependence on 

cholesterol in order for caveolin to insert itself into the membrane (Murata M. et 

al., 1995). Caveolin contains a scaffolding domain (CSD) of ~20 amino acids 

which facilitates its interaction with other proteins and cav-1 has been shown to 

organize and target synaptic components of the neurotransmitter and 
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neurotrophic receptor signaling pathways such as NMDAR, AMPAR, TrkR, Src 

Family Kinases (SFK) to MLR’s(Bilderback T.R. et al., 1999; Gaudreault S.B. et 

al., 2005; Head B.P. et al., 2008; Hibber A.P. et al., 2006; Suzuki S. et al., 2004; 

Besshoh S. et al., 2005). The link between these proteins and cav-1 suggests 

that cav-1 plays a role in neuronal development, survival, synaptic plasticity and 

long-term potentiation. Consequently, if cholesterol is essential for the binding of 

cav-1 to the plasma membrane, a decrease in the amount of cholesterol could 

lead to a loss of the properties provided by the scaffolding of the aforementioned 

proteins and receptors. Furthermore, if statins are inhibiting the production of 

enzymes involved in protein prenylation, then that could further contribute to the 

inability of caveolin to bind to the membrane. A study has already shown that the 

loss of cholesterol leads to a decrease in both AMPA receptors and synapses in 

hippocampal neurons (Hering et al., 2003).  

1.5 Loss of Caveolin 

If a loss of cholesterol may lead to a decrease in the amount of functional 

cav-1 bound to the membrane, what effects may be expected? Looking at a cav-

1 knock out (KO) model might give some insight into the potential detrimental 

effects. Neurons isolated from cav-1 KO mice have shown altered NMDA 

receptor signaling and altered neuroprotection against oxygen glucose 

deprivation (Head B.P. et al., 2008). In addition, in vivo studies with cav-1 KO 

mice have demonstrated deleterious effects (Gioiosa L. et al., 2008; Trushina E. 

et al., 2006; Head B.P. et al., 2010). Trushina and colleagues showed that the 
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brains of CavKO mice were much smaller at 60 weeks of age compared to their 

age and gender-matched controls. The CavKO mice also showed less 

exploratory behavior, deficiency in spatial memory, muscle weakness and gait 

abnormalities. The research conducted by Gioiosa et al. showed that the cav-1 

KO mice showed a spatial memory impairment demonstrated in the failure of the 

mice to recognize object displacement in a spatial/working memory task when 

compared to wildtype mice. Head and colleagues demonstrated that young cav-1 

KO mice show a decrease in the expression of synaptic proteins. Their research 

has shown that the hippocampal synaptosomes of these KO mice have reduced 

expression of PSD-95, NR2A, NR2B and AMPAR. Head et al. also showed that 

there was a reduction in neuroprotective signaling following ischemic 

preconditioning (IPC), an event in which sublethal ischemia protects the brain 

from a subsequent lethal ischemic event. Following the results from these studies 

on statins, cholesterol and cav-1, a pattern begins to emerge. If lipophilic statins 

have the ability to cross the BBB and alter the synthesis of cholesterol in the 

brain, their effect on cav-1 and the proteins it scaffolds could be significantly 

detrimental to neuronal function.  
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Materials and Methods 

2.1 Treatment 

Inbred Mice of mixed background were treated with Atorvastatin (5 

mg/kg/day) or Vehicle (10% EtOH in tap water, 200μl) for 7 months via oral 

gavage prior to the behavioral testing. The dosage was based on previous 

publications on the use of atorvastatin in mice. The immunomodulatory effect of 

atorvastatin at 1 to 10 mg/kg/day were used in a mouse model of autoimmune 

encephalomyelitis (Youssef S. et al., 2002). Exactly 5 mg/kg/day was used in 

a mouse study to investigate atorvastatin's effects on pressure-overload induced 

cardiac hypertrophy (Liao Y. et al., 2008). A dosage of 80mg/kg/day was used as 

a “high dose” in mice to study the effects of atorvastatin on glucose and lipid 

metabolism (Zhang N. et al., 2010). 

2.2 Barnes Maze 

The Barnes maze (BM) was designed for testing spatial learning and 

memory. The maze is composed of a large circular plane with 40 holes around 

the perimeter. The maze is well lit with large halogen lamps placed directly above 

the surface platform. With the BM, animals receive reinforcement to escape from 

a bright open platform surface through a tunnel into a small dark recessed 

chamber located under the platform. During testing, the mouse learns the spatial 

location of the “target box”. Extra maze-cues (different colors and shapes) are 

placed around the maze as reference cues. The experiment involves three 



8 
 

 
 

phases: the adaption period (day 1), spatial acquisition (day 2-4), and the probe 

trials for short term (day 5) and long term (day 12) memory.  

Prior to the three main phases, the mice are first allowed to habituate in 

the testing room. This period involves bringing the mice into the room from the 

vivarium and allowing them to sit in their cages for an hour in order to allow them 

to habituate to the environment. This is done for three days, every other day. The 

adaptation periods consists of placing the mouse in a cylindrical block start 

chamber in the middle of a maze, lifting the chamber after 10 seconds with the 

light switched on. The mouse is then carefully guided to the escape chamber. 

Once the mouse is inside the chamber, the light is switched off and the hole is 

covered. The spatial acquisition phase involves the same steps as the adaptation 

period except the mouse is allowed to explore the maze on its own. The trial 

ends when the mouse enters the tunnel or after the 5 minutes have elapsed. The 

mouse is allowed to stay in the tunnel for 1 minute. If the mouse does not find the 

tunnel within 5 minutes, the experimenter gently guides the mouse to it. The 

spatial cues used to guide the mouse are moved by 45 degrees around the maze 

after each trial along with the escape chamber. The chamber is placed in the 

same place relative to the cues each time. Four of these trials were done per day 

with a 15 minute inter-trial interval (ITI). The last phase, the reference memory 

probe trials are conducted in a similar fashion as the spatial acquisition except 

there is no longer an escape chamber and that specific hole is covered. The 

mouse is removed from the maze after 90 seconds. The following parameters 

were recorded: time to find the escape tunnel, time spent in quarter of tunnel, 
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primary errors and search strategy.  Errors were defined as nose pokes and head 

deflections over any hole that did not have the tunnel.  The search strategies 

were determined by examining each mouse’s daily session and defined in to 

three categories by Patil S.S. et al.: (1) Direct (Spatial)—moving directly to target 

hole or to an adjacent hole before visiting the target. (2) Mixed—hole searches 

separated by crossing through the center of the maze or unorganized search. (3) 

Serial—the first visit to the target hole was preceded by visit at least two adjacent 

holes in serial manner, clockwise or counter clockwise direction (Patil S.S. et al., 

2009). Additionally, a diagram illustrated by Fox G.B. et al. also helped guide us 

in classifying the strategies used by the mice (Figure 13, Fox G.B. et al., 1998).   

2.3 Open Field activity 

The open field activity assesses basic activity and general behavior of the 

mouse. Locomotion is recorded and analyzed by computerized videotracking 

system (Polytracker) software.  Animals were habituated to the testing room, 

then sponateous locomotion was assessed in an open field box (white plexigalss 

box, 41 x 41 x 34 cm enclosures) for 10 min. 

2.4 Startle Reactivity 

At least 24 h before shock exposure, mice were tested for baseline startle.  

On the test day, mice received a total of five brief startle sessions. After 

habituation to the startle chamber for 5 min, the first startle session was 

presented to examine preshock startle reactivity. At 30 s later, mice were 
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presented with a block of five 0.2-mA shocks with an ITI of 60 s (30–90 s range). 

At 1 min after the last shock, the startle session was presented again. 1 min after 

the second startle session, a block of five 0.4-mA shocks was presented and 

followed by the third startle session. At 1 min later, a block of 5–0.8mA shocks 

was presented, followed by the fourth startle session. All footshocks were 500 ms 

in duration. The startle session consisted of two blocks: the first included nine 

each of 90, 105, and 120 dB startle pulses (40 ms), given in a pseudorandom 

order with an average ITI of 15 s (range: 7–23 s). The second block consisted of 

seven each of 105 and 120 dB pulse alone trials, and five each of four prepulse 

trials (71 or 75 dB 20 ms prepulse preceding either a 105 or 120 dB 40 ms 

pulse). The data for this second block (stimuli examining prepulse inhibition) are 

not presented here because they address different hypotheses. A ‘no stimulus’ 

trial in which data were recorded without startle stimuli occurred in the middle of 

each ITI to examine baseline activity.  All mice were initially tested for startle 

reactivity using the startle block described above and then immediately removed 

and placed in holding cages.  

2.6 RotaRod 

The Rotor Rod is used to assess the motor-function of mouse subjects. 

The device consists of a rubber coated rod spanning the width of 5 separated 

lanes. Prior to training and testing, the mice were habituated for 3 days, every 

other day. This was done by bringing the mice into the test room from the 

vivarium and allowing them to sit in their cages for an hour, this was followed by 



11 
 

 
 

transferring the mice onto the device and allowing them to sit on the rod for a 

period of 5 minutes. Placing the mice onto the rod was repeated two more times 

with an ITT of ~15 minutes. Training was done one day before the test day. 

Training involved placing the mice onto the rod which was set to revolve at 

4RPM. In order to pass training, the mouse was required to stay on the rod for a 

period of 60 seconds. If the mouse failed to stay on for 60 seconds, the training 

could be repeated 2 more times with 15 minute intervals. All mice had to stay on 

the rod for 60 seconds before moving onto the test. The test phase involved 

placing the mice onto the apparatus and setting the rod to accelerate from 4 to 

40 RPM over 300 seconds.  A record was kept of when each mouse fell off of the 

rod. This was repeated 2 more times with at least 15 minute ITT.  

2.6 Sucrose Gradient Density Fraction 

Membrane/lipid rafts were isolated from adult brain and neurons using 

detergent-free methods. Tissue and cells were homogenized in sodium 

carbonate (150 mM, pH 11.0), and then sonicated with three cycles of 20 sec 

bursts with 1 min incubation on ice. Homogenate (1 mL) was mixed with 1 mL of 

80% sucrose to generate 2 mL of 40% sucrose. Above the 40% layer, 6 mL of 

35% and 4 mL of 5% sucrose were carefully layered. The mixture was 

centrifuged at 39,000 RPM using SW41Ti rotor (Beckman) for 3 h at 4°C. 

Samples were removed in 1 ml aliquots and the membrane/lipid rafts are found in 

buoyant fractions 4–5 (5/35% interface). 
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2.7 Western Blot Analysis 

Proteins in cell lysates were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDSPAGE) using 10% acrylamide gels 

(Invitrogen, Carlsbad, CA) and transferred to polyvinylidene difluoride 

membranes (Millipore, Billerica, MA) by electroelution. Membranes were blocked 

in 20 mM phosphate-buffered saline (PBS) Tween (1%) containing 4% bovine 

serum albumin (BSA) and incubated with primary antibody overnight at 4°C. 

Primary antibodies were visualized using secondary antibodies conjugated to 

horseradish peroxidase (Santa Cruz Biotech) and ECL reagent (Amersham 

Pharmacia Biotech, Piscataway, NJ). All displayed bands are expected to 

migrate to the appropriate size and were determined by comparison to molecular 

weight standards (Santa Cruz Biotech). The amount of protein per fraction was 

determined using a dye-binding protein assay (Bio-Rad, Hercules, CA). Image J 

was used for densitometric analysis of immunoblots. 

2.8 Harvesting of the Hippocampus and Cortex 

Under deep pentobarbital anesthesia, a midline thoracotomy was 

performed. A 20-gauge needle was inserted into the left ventricle, and the animal 

was perfused transcardially with 20 ml of heparinized saline followed by 20 ml of 

4% buffered formalin. The right atrium was incised to permit free flow of perfusion 

fluid. The brain was removed and the hippocampal and cortical regions were 

then flash frozen. 
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2.9 Histologic Preparation 

The brain was removed and postfixed for 24–48 h in fixative. The brain 

was sectioned into 4-mm blocks, placed in tissue holders, and dehydrated in 

graded concentrations of ethanol in a tissue processor (Autotechnicon; 

Technicon Instruments, Tarrytown, NY). The tissue holders were then transferred 

into a paraffin bath in an oven at 37°C under vacuum suction. The paraffin blocks 

were separated from tissue holders and mounted in a Histostat 820S microtome 

(Reichert Scientific Instruments, Depew, NY); 5- to 10-m sections were then cut, 

placed on glass slides, and incubated overnight at 37°C. The tissue sections 

were then prepared for immunohistochemistry. 

2.10 Statistical Analysis 

All parametric data were analyzed by unpaired t tests or ANOVA 

Bonferroni multiple comparison as appropriate; post hoc comparisons were made 

by Student-Neuman- Keuls tests. Significance was set at P  0.05. Statistical 

analysis was performed using Prism 4 (GraphPad Software, Inc.). 
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Results 

After a 7 month treatment with Atorvastatin, testing the mice on the 

Barnes Maze revealed that the statin treated mice exhibited spatial learning and 

memory defects when compared to the control group. The mice treated with 

atorvastatin showed a significantly (p*<0.05) higher primary escape latency on 

acquisition days 3 and 4 and probe trial day 5(figure 6). The statin treated mice 

also spent a shorter amount of time in the quarter of the maze which contained 

the escape tunnel on probe trial day 5 (figure 7). The treated group was also 

more likely to use a random strategy while searching for the escape tunnel 

throughout the experiment (figure 9) as compared to the control (figure 8). While 

both groups of mice both relied on the serial and spatial strategy, the control 

group completely eliminated the random strategy after day 3 while the statin 

treated mice continued to rely on it. The results from the Barnes Maze indicate 

that the statin treated mice took a longer amount of time to find the escape 

chamber and are less likely to develop higher learning strategies during the 

testing process as compared to their vehicle treated controls. Since the ability of 

the mice to find the escape chamber relies heavily on their ability to interpret and 

memorize the locations of visual cues around the maze, these results indicate a 

deficit in spatial learning and memory (Sharma S. et al., 2010).  

 In order to validate the results from the Barnes Maze, the mice were 

tested with the Rotor Rod (figure 10). Both groups showed no overall difference 

in their latency to fall. The Rotor Rod test was performed in order to make sure 

that the performance of the mice on the Barnes Maze was not marred by any sort 
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of motor dysfunction in the mice which would impair their ability to find the 

escape chamber. Since the results of the Rotor Rod showed that the two groups 

of mice showed no difference in performance, the results of the Barnes Maze 

could then be attributed to deficits in cognitive function.   

Results from the open field (figure 10) and fear potentiated startle (figures 

11 and 12) revealed that the atorvastatin treatment group had much lower levels 

of anxiety. The open field test results showed the atorvastatin treated mice as 

having significantly more center entries. Analysis of the percent change of startle 

reactivity across vehicle and statin treated animals showed statin treated animals 

had a trend for reduced startle potentiation after shock. The combination of these 

two experiments suggests an altered stress response and a possibility of altered 

memory linked to the amygdala. 

After the completion of the behavioral testing, the mice were sacrificed 

and the hippocampal and cortical regions of their brain were harvested and 

analyzed. Western blotting showed that there was a reduction in Cav-1 but not 

PSD95 in the whole cell lysates (WCL) of the hippocampus (figure2a) and cortex 

(figure 2b). Although the loss of total Cav-1 is indicative of changes in synaptic 

function, we wanted to investigate the changes within the MLR. Using sucrose 

density fractionation technique, we were able to isolate the MLR region and 

western blot analysis showed a decrease in MLR synaptic proteins. We found 

less Cav-1, PSDP95, TrkB, NR2A, and NR2B within the hippocampal samples 

(figure 3) and we saw a decrease in PSD95 and Cav-1 within the cortical 
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samples as well (figure 4). The reason for the loss of PSD95 in the MLR’s but no 

change in the WCL suggests a redistribution of that protein. These biochemistry 

results supported the results of the behavioral experiments by showing that there 

is indeed a decrease in MLR protein expression associated with synaptic 

function. A loss in synaptic activity would explain the deficit in spatial learning 

and memory that was exhibited by these mice.    
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Discussion 

Our results show that long-term treatment with Atorvastatin does seem to 

impact the cognitive function of mice. The Atorvastatin treated mice have an 

altered cognitive function measured in behavioral paradigms for basic exploration 

(open field activity) and cognitive function (Barnes maze, Startle response). Both 

the Barnes Maze and the Open Field tests use an open field arena, whether or 

not their behavior of the mice on the Barnes Maze is due to a cognitive 

dysfunction or differential responses to aversive stimuli is not clear. An 

alternative interpretation of our results could suggest that the mice adapted a 

random search strategy because they experienced less anxiety and were more 

comfortable crossing the center of the maze. Further evaluation of whether our 

tests show an increase in anxiety or a deficit in learning is needed in order to fully 

make the distinction. No impairment was observed for global motor function 

(Rotor Rod). Our biochemical results show changes in synaptical/MLR integrity. 

The half life of cholesterol is 6 months and we felt that a low dose over a 7 month 

period would be a comparable study to patients who spend many years on statin 

treatment. Whether or not this low dose is a better marker or if a high dose over a 

shorter amount of time would produce better results is debatable. Although our 

results show clear results as both behavioral and biochemical tests tell the same 

story of a lack in synaptic function, there is still much controversy surrounding 

statins and their effect on the brain. Data focusing on adverse events of statin 

therapy are unclear and incomplete (Wagstaff L.R. et al., 2003; Galatti L. et al., 

2006; Muldoon M.F. et al., 2000; Muldoon M.F. et al., 2004). Although we have 
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shown that a lipophilic statin has a negative effect on the brain, another drug that 

does not cross the BBB may only have the positive goal of lowering cholesterol 

without these particular side effects. On the other hand, there have been many 

studies which show statins having a positive effect on the brain (Paraskevas K.I. 

et al., 2007). Another issue that has to be addressed is the effect of blocking 

HMG-CoA reductase which inhibits not only the production of cholesterol but also 

isoprenoids and has an effect on protein prenylation.  

The methodological limitations we faced during our experiment included 

the fact that the mice were of a mixed strain and due to fighting, some of the 

mice had to be housed on their own. Because our investigation was based on a 

subjective observation in mice that were already treated for a long term period, 

we were not able to choose a strain like the commonly used ones to present the 

results on a more comparable background.  

In order to further investigate the difference between lipophylic and 

hydrophilic statins, we plan on testing a number of different statins on primary 

neuron cell cultures in order to see what effect they have on cholesterol and cav-

1. We are also planning follow-up experiments, laid out in the exact same 

manner as the ones done thus far but with a hydrophilic statin, pravastatin. The 

results from pravastatin treatment will allow us to see whether or not a 

hydrophilic statin will have the same side effects on MLR’s and cognitive function 

and if it is indeed this BBB permeability that is responsible for the deficits we 

observed.  
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Figures and Tables 

Figure 1 

 

An illustration of the cholesterol synthesis pathway and the inhibitory effect of 
statins. By inhibiting the production of L-Mevalonate, statins are affecting much 
more than just cholesterol however. This inhibition leads to a decrease in the 
production of isoprenoids as well as two enzymes responsible for protein 
prenylation. 
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Figure 2 

 

Reduction in Cav-1 but not PSD95 after chronic treatment: Immunoblotting from 
whole cell lysates was performed on A hippocampal (n=4/group) and B cortical 
(n=3/group) tissue. We found decreased Cav-1 in the hippocampus and cortex; 
PSD95 – post synaptic density 95, Cav-1 – caveoling-1, GAPDH – 
glyceraldehyde 3-phosphate dehydrogenase. 
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Figure 3 

 

Decrease in MLR synaptic proteins after chronic atorvastatin treatment: Sucrose 
density fractionation was performed on Hippocampal (n=4/group) cell lysates. We 
found decreased synaptic markers in fractionation 4 and 5; TrkB – Tropomyosin 
Receptor Kinase B, NR2A/B – N-methyl D-aspartate Receptor 2A/B. 
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Figure 4 

 

Decrease in MLR synaptic proteins after chronic atorvastatin treatment: Sucrose 
density fractionation was performed on cortical (n=3/group) cell lysates. We 
found decreased synaptical markers in fraction 4 and 5. 
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Figure 5 

 

Rotor Rod – evaluation of motor function; latency to fall was measured. No 
overall difference in the latency to fall was detected; (vehicle n=10, atorvastatin 
n=9). 
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Figure 6 

 

Barnes Maze results showing the primary escape latency. Atorvastatin treated 
mice show a significantly (*p<0.05) higher primary escape latency on acquisition 
days 3 and 4 and prove trial day 5. (v = vehicle, n =9, a = atorvastatin, n =9); 
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Figure 7 

 

Barnes Maze results showing that the atorvastatin treated mice spent a 
significantly (*p<0.05) shorter time in the quadrant of the maze which contained 
the escape chamber on probe trial day 5. (v = vehicle, n =9, a = atorvastatin, n 
=9); 
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Figure 8 

 

Barnes Maze results showing the breakdown of strategies used by vehicle 
treated mice. The control group consistently used spatial and serial learning 
strategies while completely discontinuing their reliance on the random strategy 
after day 3. (v = vehicle, n =9, a = atorvastatin, n =9); 
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Figure 9 

 

Barnes Maze results showing the breakdown of strategies used by atorvastatin 
treated mice. The atorvastatin group never discontinued their reliance on a 
random strategy. They also show no spatial strategy on probe trial day 12. (v = 
vehicle, n =9, a = atorvastatin, n =9); 
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Figure 10 

 

Open Field results showing that Atorvastatin treated mice have significantly more 
center entries as compared to their vehicle treated counterparts indicating a 
lower level of anxiety. 
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Figure 11 

 

Baseline results from the Fear Potentiated Startle showing no significant 
difference between the two groups. 
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Figure 12 

 

Fear Potentiated Startle results showing the percent change of startle reactivity 
across vehicle and statin treated animals. Statin treated animals are shown to 
have a trend for reduced startle potentiation after shock with 0.4 and 0.8mA. 
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Figure 13 

 

Diagram taken from a 1998 paper by Fox G.B. et al. showing the three commonly 
observed strategies in the Barnes Maze. The strategies are A: random, B: serial 
and C: spatial (Fox G.B. et al., 1998). 
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