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From the Editor’s Desk:
Sir Francis Bacon, the renowned English philosopher and
scientist, once said that “Knowledge is power.” That statement is
incredibly appropriate to our modern times and helps to explain
why research is such an important part of our civilization. And
yet, as we work to increase our knowledge, we realize more and
more how much we really don’t know.
At Washington and Lee, our science departments are constantly
striving to motivate and educate the next generation of scholars.
In the highly competitive world of graduate and professional
programs, research is becoming increasingly important because of
the many invaluable techniques involved. Thus, research experience
is more and more critical for students to gain admittance. It
is also important to our institution to ensure that the faculty
remain up to date with the latest processes and techniques that
can increase the validity and/or precision of their own research.
Our curriculum emphasizes understanding intricate details of
studies in many distinct scientific fields, learning new laboratory
skills and techniques, and being able to describe and explain all
these things in our own words and to people unfamiliar with the
language of science. As scholars and scientists, it should be our
goal not only to pursue new truths about our environment and
to define them, but also to share them and make the global pool
of knowledge just that much deeper. Our success at educating
students and pushing them through to the next level is proven
by the 91% acceptance rate of students over the last 10 years into
health professions graduate programs and a comparable rate of
students admitted to Ph. D. programs.
It is of critical importance that the high standards of our
science departments be kept up even though we are a liberal arts
school. We are distinguished from many other similar schools by
our strength in all areas of study, not just a specific few. We are
currently accomplishing this through rigorous, but varied, research
with the generous aid of grants from sources like the R.E. Lee
Research Program and the Howard Hughes Medical Institute that
enable students to study independent research projects over the
course of the year and throughout the summer. The mathematics,
physics, and computer science articles in this issue were created
as a result of research through those programs.

There are many exciting new changes happening in W&L’s
science departments. For example, the biology department has
recently hired a computational biologist to foster collaborative
work and intensive computer modeling. This is a great new
addition which will help bring W&L science more completely
into the digital age. Using models such as these, students will
be able to visually understand the complex interactions of
proteins and molecules small enough that even microscopes have
difficulty displaying them. The department of chemistry has
recently obtained an $119,678 grant from the National Science
Foundation (NSF) for instrumentation that will enable nondestructive analysis of art, fossils, and anything of unknown
elemental composition or age.
These new opportunities are just two examples of ways that we
are not only advancing the sciences, but truly moving to maintain
W&L as an integrated liberal arts college. Combining knowledge
from the disparate disciplines at W&L and their individualized
resources will enhance the understanding that each student has
of the complex and intertwined relationships of all aspects of
the world in which we live. As detailed further in the interview
with Dr. Erich Uffelman, technology such as was purchased with
the NSF grant will increase the accessibility of hard science to
non-science majors and enable them to broaden their horizons
in academic fields that might otherwise have been beyond their
purview.
Immerse yourself in our pages and open your eyes to some
of the interesting and perplexing studies being pursued at our
institution. We proudly display this culmination of work from
our individuals, research groups, and even actual classes as well
as interviews highlighting current events at W&L.
We would like to thank all the scientific minds who have
contributed to the exciting atmosphere of science research at W&L
and especially those who have contributed to this edition of the
Journal. We hope you enjoy this showcase of our collective work.
Sincerely,

Ross Isbell
Editor-in-Chief

Turning Rock into Soil; Collaborative Investigation of Shale Weathering
Professor David Harbor, Professor of Geology
Meredith Townsend ’11; Geology Major; Hampden Sydney, Virginia

O

ur study examines the conversion of shale bedrock to
soil by looking at physical and chemical differences
within a one-dimensional soil profile. Parent rock
samples were collected from the Silurian Rose Hill Formation
in Roaring Run near Clifton Forge (Virginia, USA) and soil
samples were collected from the Ridge of White Rock Mountain
in Western Rockbridge County. Semi-quantitative analysis using a
Scanning Electron Microscope (SEM) examined both the apparent
weathering and composition of silt-sized grains. A hydrometer was
used to perform grain size analysis. Clay mineralogy was examined
using x-ray diffraction (XRD) analysis of oriented clay mounts.
Inductively coupled plasma mass spectrometry (ICP-MS) was
performed at Penn State University to acquire a total chemical
digest of the samples. Preliminary results suggest that the bedrock
contains illite, chlorite, and some quartz and k-feldspar, and as
it weathers into soil, changes to a mixed smectite/illite and what
appears to be kaolinite.

1

Parallelizing the Map Seeking Circuit for Fast,
Biologically Plausible Computer Vision
Alex Jackson ’09; Computer Science Major; Centreville, Virginia; UNC Graduate Program

Abstract

a stock image in our mind of what a table is. Thanks to this
Over the past decade advances in robotics technology have
stock image of a table, we are able to then classify and recognize
made it a cutting edge field of computer science. One of the
all other tables that we may come across. Map Seeking Circuits
biggest challenges in this area is creating algorithms which allow
(MSC) provide a mathematically tractable method for solving
for fast interpretation of environmental data so that robots can
this problem through transformation discovery (1).
navigate their surroundings in real time. The Human brain’s highly
Beyond simple object recognition, the MSC algorithm has
parallel nature allows it to interpret data and make nearly split
potential for further applications to the field of computer vision,
second decisions regarding tasks such as object recognition and
namely robot navigation. Similarly to the process described in
surface navigation. A typical robot, however, must be portable
the previous paragraph where an object is compared to its stock
and therefore does not have the capacity for a traditional parallel
image in memory, when we observe a surface it is transformed
computer necessary for such tasks.
in some manner depending on our orientation to it. Based on
Recently with the advent of general purpose graphics processing
this transformation we can determine how best to navigate the
unit (GPGPU) programming methods, researchers have been
surface. Implementing the MSC algorithm for robotic navigation
able to take advantage of
would be a much less complex
Our
work
results
in
a
notable
speedup
the graphics processing
and natural way to automate
and shows great potential for further
unit as a highly parallel,
navigation compared to the
levels of parallelism using CUDA.
computationally intensive
most prevalent current method
device for tasks unrelated to
which uses LIDAR. LIDAR, an
graphics rendering. This RE Lee project examines an algorithm
acronym for light detection and radar, uses lasers to determine
for object recognition and navigation and parallelizes portions
range to targets (2). Compared to LIDAR, the MSC algorithm
of it using the NVIDIA CUDA architecture. Our work results
is a much more biologically plausible method for interpreting
in a notable speedup and shows great potential for further levels
visual data.
of parallelism using CUDA.
The MSC process is described algorithmically by David
Arathorn in his paper A Cortically-Plausible Inverse Problem
Introduction
Solving Method Applied to Recognizing Static and Kinematic 3D
Typically, upon viewing a given object a human being will be
Objects. Arathorn describes a process in which the two dimensional
able to classify it nearly instantly, barring visual obstructions and
projection of the object is transformed geometrically in nearly
assuming that they are aware of the existence of such an object.
every possible manner until it obtains a most likely fit with one
But how exactly does this process work? Plato’s Theory of Forms
of the stock images within memory. Obviously, the number of
offers a possible explanation. This theory describes how every
permutations of transformations, rotations and scalings becomes
thing we see is recognizable to us due to an existence of a “form”
a near impossible task for a reasonable number of these geometric
in our mind which classifies the object. For example, we all have
operations. To illustrate, if we allow for 100 possible rotations,
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processing units have “evolved into highly parallel, multithreaded,
many-core processors with tremendous computational horsepower
and very high memory bandwidth’’(3). Today’s GPUs are capable
of performing a large number of calculations in real-time so that
gamers and researchers can become immersed in the newest stateof-the-art computer games and scientific imaging applications.
The tremendous power and level of control the developer has
over the current generation of GPUs has made it attractive for
developers to utilize the GPU for general purpose applications
in addition to graphics processing---a practice known as General
Purpose Graphics Processing Units (GPGPU) programming. The
rising popularity of GPGPU programming has led to the newest
generation of GPUs being constructed with the idea that they
might not necessarily be used exclusively for graphics processing.
Graphics processing involves a heavy volume of mathematically
intensive operations to create and transform objects within a
geometric space. Since the GPU is a very specialized piece of
hardware, there is considerably more space on the chip for data
processing and storage to the point where the number of transistors
present on the GPU has, over the past five years or so, greatly
surpassed the number of transistors on the area of the CPU(3).
Furthermore, since Moore’s Law of increasing computational
power also applies to the GPU, we can expect the computational
power of a state-of-the-art graphics processor to effectively double
approximately every two years(3).
The CUDA model is based on a shared memory architecture
in which an NVIDIA GPU is made up of a number of multicore
processors where each core has it’s own memory cache. Memory

100 possible vertical transformations, 100 possible horizontal
transformations and 100 possible scalings that comes out to 100
million possible permutations to examine in order to classify a
single object. Brute forcing this is a completely unmanageable
prospect, as noted in Arathorn’s paper. However, Arathorn also
describes a solution to this in which each of these permutations
are layered on top of each other allowing for a solution in time
complexity “proportional to the sum of the sizes of the dimensions
of [the solution space] instead of their product” (1).
Despite this huge improvement in complexity the MSC
algorithm has substantially longer execution time to classify an
object than the split second recognition enjoyed by the majority
of humanity. Our work this past summer, funded by the R. E.
Lee Scholar program, was primarily focused on optimizing the
MSC implementation to a level that would allow for real time
interaction within a dynamic environment.

Parallel Programming with CUDA
Running a profiler on the MSC code implementation revealed
a small handful of bottlenecks that were responsible for the
majority of computation time. It was decided that the best way
to handle these bottlenecks was to parallelize the process using
GPU processing with CUDA. CUDA is an extension to the C
programming language that allows for interfacing with a number
of NVIDIA brand graphics cards, enabling these powerful pieces
of hardware to be utilized for general purpose parallel computation.
Due in large part to increased consumer demand over the years
for computer graphics that continue to dazzle the eye, graphics
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fetches from these caches are executed in near constant time. In
order to utilize this, a “kernel” is specified to be run on the GPU.
This kernel is simply a function definition that will be executed
by the GPU. Before we execute the kernel the data to be operated
on is copied over the the GPU and we specify some parameters
for its execution. The kernel is executed as a grid consisting of a
number of blocks which in turn are made up of a collection of
threads which run independently and concurrently with each other.
Each of these threads execute the code in the kernel independently
of other threads. Typically, the developer will define the data in
such a way that each thread maps to a specific entry or group of
entries in the data set. Each thread will then be responsible for
operating on and updating the data that it “owns” in parallel(3).

This function lends itself well to data parallelization since
each image can be represented as a sparse matrix. Representing
the images as a matrix, we are able to map each pixel value in
the image to a CUDA thread. Despite only porting a portion of
the algorithm to the GPU, a nearly 500% speedup in the overall
execution was observed.

Future Work
The extremely promising results of this initial foray into
parallelizing the MSC algorithm has shown how much performance
can be gained by porting further portions of this algorithm to
the GPU. Beyond this, implementing the algorithm for use with
real time robotic navigation will be an excellent future project.

Parallelizing the Map Seeking Circuit
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Factors that Affect Self-Healing in Poly (Ethylene-co-Methacrylic Acid)
Copolymers and Ionomers
Jock Pflug ’10; Physics-Engineering Major, Mathematics Minor; Cold Spring Harbor, New York
Stephen J. Kalista ’99; Visiting Instructor of Physics and Engineering; August 2006–July 2009

I. Introduction
A certain class of thermoplastic poly(ethylene-co-methacrylic
acid) (EMAA) polymers shows a unique ability to heal upon
ballistic puncture. In contrast to other materials that are designed
to heal, the healing response in these materials is an inherent
part of their behavior. Because of these characteristics, these
polymers have a great potential for use in applications such as
combat aircraft fuel tanks, pressurized fluid storage containers,
biomedical devices, or other applications where a self-healing
membrane may be useful. Before these potential applications can
be realized, a better understanding of these materials’ properties
and their healing mechanism must be acquired.
Ionomers are defined as a class of ion-containing copolymers
whose maximum ionic content is ~15 mol% (Tant et al. [1]).
A further revision narrows this class to polymers whose bulk
properties are governed by the discrete ionic regions within their
overall polymer structure (Eisenberg et al. [2]). It was originally
theorized that the ionic content within ionomers was what allowed
some of these materials to heal. Because of this, the majority of
previous research on ballistic self-healing has centered exclusively
on these materials. However, the discovery of related non-ionic
copolymers that have the ability to self-heal has raised more
questions about the self-healing mechanism in these materials
and what role ionic content actually plays. Therefore, the goal of
this study is to determine how factors such as ionic content, age,
and temperature affect the self-healing behavior and mechanical
properties of a group of self-healing copolymers and ionomers.
Not only will this provide insight into how these materials can
be used, but it could also contribute to a better understanding
of the mechanism behind self-healing behavior.

Upon ballistic puncture, the healing event in self-healing
materials occurs automatically and instantaneously. The current
theory explaining the mechanism for self-healing consists of a
two-phase, two-stage process (Kalista et al [4,5]) and is depicted
in Figure 2. During the Damage Phase, the projectile strikes the
film, causing the material to stretch locally at the impact site.
This stretching, along with friction, raises the local temperature
above the melting point. During the first stage of the Self-Healing
Phase, the film elastically rebounds to close the hole caused by the
projectile. In the second state, the molten material seals together
by chain interdiffusion and the formation of new bonds between
chains.

II. Structure of Ionomers

Order-Disorder Transition

Ionomers are characterized by discrete ionic regions known
as multiplets (blue circle in Figure 1). These multiplet clusters

The unique ionic character of ionomers also affects their thermal
characteristics. It is well-established that ionomers exhibit a first-

Figure 1: Ionomer morphology (Reproduced from Eisenberg
et al [3]).
create physical cross-linkages between polymer chains that result in
restricted mobility regions surrounding the multiplets. It is these
multiplets that govern the bulk properties of ionomers.

III. Theoretical Background
Self-Healing Mechanism
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8920 (EMAA-0.6 Na), each of which contains sodium ions
as its characteristic cation. These ionomers were formed from
neutralization of the precursor EMAA copolymer that contained
15 wt% anionic methacrylic acid groups. EMAA-0.3 Na had 30%
of its acid groups neutralized, while EMAA-0.6 Na had 60% of
its acid groups neutralized. A diagram of the structure of these
materials and the reaction used to produce them is displayed in
Figure 4. All four of these materials have a melt temperature
of approximately 92 °C, and each was obtained from DuPont
as pelletized resins prior to molding. Samples for ballistic and
mechanical testing were molded using a hot press. Each of these
samples was approximately 1 mm thick and was stored in a
desiccator prior to testing.

Figure 2: Self-healing mechanism (Reproduced from Kalista [6]).
order transition that occurs at a temperature below the melting
point, Tm. It was suggested that this transition is characterized by
the ionic regions becoming disordered, and was therefore termed
the order-disorder transition (Tadano et al [7]). The transition
is represented schematically in Figure 3. As heat is added, Tm is
reached and polymer crystallites melt. With subsequent cooling
back through the crystallization temperature, Tc, the polymer
regions re-crystallize. The still disordered ionic regions then reorder
over a long-term relaxation process. Recent research, however, has
shown that the self-healing non-ionic copolymers also exhibit an
order-disorder transition, which suggests there may be another
origin for this phenomenon (Kalista [6]).

Figure 4: Synthesis and structure of EMAA ionomers and
non-ionic copolymers assessed for self-healing (Reproduced from
Kalista [6]).

V. Results
The Effect of Age on Thermal Character
To analyze the effect that age had on the thermal character of
each of these materials, Differential Scanning Calorimetry (DSC)
tests were performed on samples of each material at various ages
using a Perkin Elmer DSC 7 with a heating rate of 5 °C/min. As
seen in Figure 5, upon a first heat, DSC analysis for both EMAA0.3 Na and EMAA-960 showed the evolution of the so-called
order-disorder transition, represented by the peak occurring at
Ti. The DSC plots for EMAA-0.6 Na and EMAA-925 showed

Figure 3: Schematic for order-disorder transition (Reproduced
from Tadano et al [7]). 2

IV. Materials
Two ionomers and two non-ionic copolymers were used in this
study. The two non-ionic copolymers were DuPont Nucrel 925
(EMAA-925) and Nucrel 960 (EMAA-960). The two ionomers
used were DuPont Surlyn 8940 (EMAA-0.3 Na) and Surlyn
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swatches of material enclosing and separately away from the
puncture site were examined using DSC analysis with a heating
rate of 10 °C/min. Figure 6 shows the regions where these
swatches were taken from on the sample. With the material at
the puncture site having experienced the thermal history of the

Figure 5: DSC analysis showing the development of the orderdisorder transition over time.

Figure 6: Schematic of region analyzed by DSC.

similar trends. These results demonstrate the significant effect
that age has on the order-disorder transition as the peaks become
visibly larger with age. This time-dependent effect, combined
with the fact that this peak was absent in each of the materials
upon a second heat, supports the idea that ionic-ordering in the
ionomers and “quasi-crystallization” in the non-ionic copolymers
occurs as the materials age. “Quasi-crystallization” refers to the
formation of crystalline regions within the polymer mainly due to
hydrogen bonding between chains. These plots also show that the
rate of increase in the peak sizes decreases significantly between
an age of 1 hour and 6 months, so much so that the increase
in the peak size between 21 days and 6 months is almost not
noticeable. This suggests that by 6 months, the polymer chains
in each of these materials have fully ordered themselves. Whether
this order-disorder transition is a result of ionic ordering or “quasicrystallinity,” such a process should have measurable effects on
self-healing and mechanical behavior.

impact event and that away serving as a control for comparison,
a comparison of the two thermal characters gives an estimate of
the portion of material at the puncture site that reached at least Ti.
Figure 7 displays the results from ballistic tests for varying
temperature at a sample age of 1 month and varying sample age
at room temperature. Although multiple samples were shot for
each material at each temperature and at each age, the pictures in
Figure 6 represent the general results that were obtained for each
case. Based on these results, temperature is clearly an important
factor in whether or not a material is able to self-heal. Theoretically,
if the temperature of a self-healing material is too low, healing will

Ballistic Testing
For ballistic testing, samples of each material were aged for
1 day, 21 days, approximately 2 months, and approximately 5
months and then impacted with a pointed pellet. Each of these
pellets was approximately 0.48 g, and they were shot from an air
rifle at an average speed of 172 +/ – 3 m/s. Following puncture,

Figure 7: Pictures of selected ballistic test results.
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not occur because the impact of the projectile does not produce
enough energy to locally heat the material at the impact site
above Ti. At high temperatures, polymers become softer and less
rigid. Therefore, if the temperature of a self-healing material is too
high, healing will not occur because the impact of the projectile
pushes out a significant portion of the material and the rest of
the material loses its ability to rebound back to seal the damage
site. These are the two fundamental ways in which self-healing
materials fail to heal with respect to temperature. However, many
times the healing failures that occurred in these ballistic tests
were not the product of these basic failure mechanisms. These
deviations, as well as the definition of temperatures that are too
low or too high for healing to occur, are highly dependent on the
ionic content of the material.
The results of ballistic testing indicate that ionic content has a
significant effect on healing ability. Although each of the materials
heals over a wide range of temperatures, there are specific differences
observed when comparing their range behavior. EMAA-0.6 Na,
the material with the highest ionic content, performs poorly at
low temperatures when compared to the other materials. Although
the non-ionic materials technically failed at temperatures at or
below – 20 °C, this failure occurred away from the puncture site.
Most times, the material at site actually did heal as shown in the
picture for EMAA-925 at – 30 °C. On the other hand, EMAA0.6 Na exhibits a brittle cracking at the puncture site at room
temperature, – 20 °C, and – 30 °C. This brittle response becomes
more significant with age as evidenced by the brittle cracking
seen at room temperature, which suggests that the formation and
continued ordering of the ionic regions as the ionic materials age
actually decreases healing ability. Because the multiplet regions
reduce the mobility of the surrounding polymer chains, their
presence decreases the elasticity of the material. This, combined
with the reduction in elasticity due to decreases in temperature,
indicates that there is a critical point at which the elasticity of
the material becomes insufficient to allow self-healing to occur.
Above the melting temperature, the non-ionic materials soften
so much that they lose their ability to heal. The ionomers, however,
retain their self-healing behavior for temperatures significantly
above melting. This suggests that the enhanced viscosity of the
ionomers due to their ionic content allows them to hold together
during impact, even though at these temperatures, they are not
rigid solids. The non-ionic copolymers do not have this ability
because the strength of their inter-chain bonding is mainly due
to hydrogen bonds, which are not as strong as purely ionic bonds.
As a result, at a given temperature above melting, the non-ionic
copolymers have a lower viscosity than the ionomers, and therefore,
they exhibit more fluid-like behavior. The significant softening

observed right after heating and the large deformations caused
by impact, as shown in Figure 6, are evidence of this effect. The
result of this increase in fluidity is that the impact of the pellet
causes material to be punched out at the puncture site.
The DSC plots in Figure 8 show the comparison between the
thermal character of the puncture site and the thermal character of
the control site away from the impact. The estimated percentage
of material at the puncture site that reached at least Ti is noted
for each test. These results highlight the importance that heating
has on healing as the samples whose puncture sites had the lowest
percentage of material reaching Ti failed to heal. They also show
the effects that temperature and aging have on the amount of
material reaching Ti as the percentages decrease with decreasing
temperature and increasing age. This suggests that for temperatures
below Ti, heating of the material at the puncture site is a major
determinant in whether or not a healing response is elicited in
the material.

Figure 8: Comparison between thermal character of
puncture site and that away from impact.

Mechanical Behavior
Using an Instron 5569 load frame, tensile tests were performed
on ASTM D-638 V samples of each material for two test rates at
room temperature. The results of this tests are displayed in Figure
9. All materials show an increased modulus and yield strength
with an increase in test rate. While extensibility in each of the
materials decreased, this effect was most pronounced in the most
ionic EMAA-0.6 Na. When paired with the DSC analysis, this
suggests a much shorter extension phase during impact, preventing
adequate localized heating necessary for self-healing. This more
brittle damage at the puncture site is not observed in any of the
other materials.

VI. Conclusions
The results obtained in this study show that ionic content,
temperature, and age of the material all play a significant role in
8

possible to find ways to enhance self-healing behavior or to
synthesize new materials that have this ability. Also, in order for
these materials to be useful for certain applications, a measure
of how well they heal is required. Therefore, research that aims
at determining the strength of the healed sites after puncture is
necessary.
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Figure 9: Results of tensile testing for each material.
the self-healing response. Though a moderate amount of ionic
content seems favorable in producing healing over the widest range
of temperatures, as evidenced by the performance of EMAA-0.3
Na, high ionic nature leads to a more brittle response resulting
in poorer healing at low temperatures and/or older age. At
temperatures above the melting point, ionic content gives the
material sufficient viscosity and elasticity to maintain healing
ability. Such findings also stress the importance of the orderdisorder transition and the elasticity of the material with respect
to Stage I of the healing process. Specifically, if an insufficient
amount of material is heated up to the transition temperature
and/or the material is not elastic enough to rebound after impact,
then healing will not occur.
There are many aspects of self-healing materials that have yet
to be studied and are still not well-understood. Foremost among
these is what actually happens at the order-disorder transition.
As such, the focus of future work should be on improving the
understanding of what causes this event. With this, it may be
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Antireflection Coatings Using Silica Nanoparticles
Raisa Velasco ’12; Chemistry-Engineering Major; Santa Cruz, Bolivia
Ned Burks ’10; Math and Physics Major; Berryville, Virginia
Anitesh Lal ’11; Physics-Engineering Major; Labasa, Fiji

I. Introduction

nanoparticle solutions. The silica nanoparticles are negatively
charged and electrostatically attracted by the polycation (Figure 1).

Antireflection coatings play a critical role in many applications,
from low-tech eyeglasses and windows, to high technology solar
panels and night vision goggles. Light incident on a typical
glass surface suffers about 4% reflection loss at each air-glass
interface. In the case of solar panels, for example, this represents
a considerable decrease in the amount of light that reaches the
photovoltaic cells, which reduces the efficiency of the panel.
To counteract this effect, antireflection coatings are deposited
on optical surfaces with the goal of minimizing reflection and
light scattering. The predominant deposition process for optical
coatings is sputtering, but they can be fabricated more easily using
Ionically Self-Assembled Multilayers (ISAM). This is a relatively
new technique that allows detailed structural control of materials
at the molecular level, combined with ease of manufacturing
and low cost1. Our research focuses on creating antireflection
coatings made of alternating layers of silica (SiO2) nanoparticles
and the polycations poly(allylamine hydrochloride) (PAH) or
poly(diallyldimethylammonium chloride) (PDDA).
In order to minimize the reflectance of the incident light
for a given wavelength λ, the deposited thin film must satisfy
the condition for destructive interference2, i.e., it must have an
optical thickness of λ/4. The optical thickness of our thin films
can be controlled by the number of alternating silica-polycation
layers. Additionally, the Rayleigh scattering from the surface must
be kept at a minimum.

Once the thin film is deposited, the reflectance and transmittance
of the glass slides are measured using a Thin Film Analyzer.

III. Design Of Experiment
Our research involved several separate exploratory experiments
aimed at discovering how we can make better antireflection
coatings. The statistical design of our experiments was multi-factor
factorial4. The advantage of a factorial experiment design over the
traditional one-factor-at-a-time (OFAT) method is that it allows
the study of several factors at a time, as well as the interactions
between them. The factors studied were the pH and molarity
of the silica and polycation solutions, the number of bilayers in
the film, the type of polycation used (PDDA or PAH), the size
of nanoparticle used (ranging from 15 nm to 85 nm), and the
time given for the solutions to adhere in the coating. The typical

II. Procedure
The glass substrates are first prepared through a process
called RCA cleaning3 designed to remove organic and metallic
contaminants. During the RCA cleaning, the glass substrates
acquire a negative charge, which allows the deposition of the thin
film silica nanoparticle coatings using the ISAM process. The glass
substrate is then alternately dipped in the polycation and silica
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responses we looked at for each slide were the transmittance,
reflectance, extinction (a measure of how much light is being
scattered), the Rayleigh slope (the slope of the extinction as a
function of one over wavelength to the fourth) and the uniformity
of the deposition. For the following discussion we will focus on
the results from one of our preliminary experiments, for which
the main goal was the minimization of light scattering from the
antireflection coatings.
This experiment consisted of a two-level factorial design of the
following factors: pH (7 and 9), molarity of the colloidal silica
suspension (40 and 80 mM), and number of bilayers (6 and 12).
The typical silica particle size was 30nm. The dipping time and
the concentration of the PDDA solution were held constant at 2
minutes, and 10mM, respectively.

Changing the pH of the solutions had a large effect on the light
scattering from the thin film coatings, as quantified by the value of
the Rayleigh slope of the extinction (defined as 1 – transmittance
– reflectance) plotted as a function of 1/(λ4). As it can be seen in
Figure 3, the lower level of pH caused a smaller Rayleigh slope.
Thus, if we want to minimize scattering, we should work with
lower values of the pH of the silica and polycation solutions..
The fact that the number of bilayers is not statistically significant
as far as the amount of scattering is concerned can be associated
with the fact that scattering occurs at the air-film interface and
not in the bulk of the film. Since the thickness of the coating does
not affect the amount of light scattering, we can tailor specific
film thicknesses to create destructive interference for particular
wavelengths without causing more scattering.
Somewhat more surprising is the fact that the molarity of the
silica solution was not statistically significant in this experiment.
However, the concentrations of nanoparticles used in the
experiment might have been too low, and we need to research
further the influence of this factor over a broader range of values.

IV. Results and Discussion
The most striking result from this experiment was that the only
statistically significant factor that influences the amount of light
scattering was the pH of the solutions (Figure 2).
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V. Conclusion
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Which Line Best Approximates a Continuous Function?
Nathan S. Feldman, Associate Professor of Mathematics at Washington & Lee University
Wendy Shang (’11), Kelsey Wright (’10) math majors at Washington & Lee University

In Calculus, we learn how the tangent line to the graph of a
function at a point x = a is the unique line that gives the “best”
approximation to the graph near the point a. The term “best” is
properly understood by looking at “remainder estimates” for
Taylor polynomials, which is usually done in Calculus II. Thus, in
a certain sense, tangent lines give the best local approximations to
graphs. In this article we want to discuss the problem of finding and
characterizing the line that gives the “best” global approximation
to a given graph. We will see that the “best approximation” is
always a secant line and we want to describe how to characterize
this line in geometric terms. But first we must describe what is
meant by a “best approximation”. We need a way to measure the
distance between two graphs. The mathematician Henri Lebesgue
(pronounced - as in bagel) who lived from 1875 to 1941 had
various ways to define the distance between the graphs of two
functions. One way to define the distance between two graphs
is to find the maximum height between the two graphs, whereas
another way is to find the total area between the two graphs. Both
of these are good and natural ways to measure the distance between
two graphs. But they give different “best” linear approximations!

line is parallel to the given line, as shown in Figure 1. For a
given continuous function we want to find the (unique) line that
will minimize this distance. To find the best approximating line
algebraically can be difficult, but one can do it geometrically rather
easily as discussed below, and this geometric method leads to a
computer algorithm for approximating the best line and as we’ll
see below in some cases one can find an exact algebraic solution
as well. The geometric solution uses the idea of support lines for a
graph. A support line for a graph is a line that has two properties,
(1st) it touches the graph and (2nd) the entire graph lies on one
side of the line (either above or below the line, but not both).

Lines Closest in the (or Height) Distance
The (L is for Lebesgue) distance between two graphs is the
maximum height or maximum vertical distance between the
graphs over a given interval [a,b]. More precisely the distance
between the graphs of f and g over an interval [a,b] is . In Figure
1 we can see that the distance between the line and the graph is
the height of the vertical line shown, because any other vertical
distance between the graphs is smaller than this particular one.
One might think that the maximum vertical distance between the
line and the graph is attained at the minimum of the function (a
little bit to the right of the vertical line in the diagram), however,
the maximum distance between the graphs is always attained at
either an endpoint or at a point on the graph where the tangent

Theorem 1: Given a continuous function f on an interval [a,b], the
line that is closest to f in the distance is the line “in the middle” of
two parallel support lines for f chosen so that the graph of f touches
the two support lines at least 3 times in an alternating manner.
In Figure 2 notice that the graph of the function is in between
two parallel support lines and the graph touches the upper support
line at the points A B, and D and the graph touches the lower
support line at the point C. Hence there are three points (A,C,D
or B,C, D) at which the graph touches one support line, then
touches the other support line, and finally the graph goes back
and touches first support line again. This is what is meant by the
13

find the best approximating line when the Corollary above applies.
Algorithm: Suppose that the secant line connecting the
endpoints (a,f(a)), (b, f(b)) is a support line for f on [a,b], then
the line y = mx+k that is closest to f in thedistance has slope m
= and the constant k will be the constant that best approximates
the function on [a,b], which can be found by taking the average
of the maximum and minimum values of g over the interval [a,b].
Example 1: The line that is closest to on the interval [0,2] has
slope m = = 2 and so the line y = 2x + k will be closest to f on [0,2]
where k is the average of the maximum and minimum values of
g(x) = x2 – 2x on [0,2]. The maximum of g is 0 attained at x = 0
and the minimum of g is -1 attained at x = 1, so the constant k =
(-1 + 0)/2 = -1/2. Thus y = 2x-1/2 is the line that “best” approximates
f, or is closest to f in the distance, on the interval [0,2].

graph touching the support lines “in an alternating manner”. Thus
the line in the middle of the two support lines is the line that is
closest to graph f in the distance.
Notice that in Figure 3, the same graph as in Figure 2 is shown
with two different parallel support lines and the graph touches
the support lines three times, but not in an alternating manner.
This time the graph touches the lower support line twice (at the
points A and B) but it does not touch the upper support line at
some point in between A and B. Thus, the line in the middle of
the two support lines in Figure 3 is not the closest line to the

Lines Closest in the (Area) Distance
Now we are going to change our measuring stick and measure
the distance between two functions in a different way. In this section
we will consider two functions to be close to each other if the area
between their graphs is small. This is different from considering
two functions to be close if the maximum height between the
graphs is small. For example the area between the graphs of and y
= 0 on the interval [0,1] is very small (.0099009900…) and hence
these two functions are rather close to each other when measuring
distance with the distance, however the distance between these
two functions is 1 (because the maximum height between their
graphs is 1 and is attained at the endpoint x = 1), hence they are

graph in the distance, even though it seems like a reasonable
candidate. The closest line to the graph in the distance is the line
shown in Figure 2.
Corollary 1: If f is a continuous function on an interval [a,b]
and the secant line connecting the endpoints (a,f(a)) and (b, f(b))
is a support line for f on [a,b], then the line that is closest to f in
the distance on [a,b] has slope .
In Figure 4 we see an example of a graph where one of the
support lines is the line that connects the endpoints. In this case
we can quickly and easily find the slope of this line and thus get
the slope of the best approximating line in the middle. In particular
this method works if the function f is concave up on [a,b] or
concave down on [a,b]. The following algorithm tells us how to
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not that close in the distance. In this section we will discuss the
problem of finding the line that is as close as possible to a given
function in the distance; meaning that the area between their
graphs is as small as possible.

The set S in Theorem 2 is the set of all x values for which the
graph of f lies above the line L and the set T is the set of all x
values for which the graph of f lies below the line L. The line L will
be closest to f in the distance, precisely when the two sets S and
T have the same length and the same centers. Which will mean
that they both have length ½(b-a) and they both have centers at
½(a+b). In Figure 7 we see a graph and a line. The line is the one

The Center of a Set
Suppose that S is a set on the number line - perhaps S is an
interval or a union of intervals such as S = [0,2] or S = , then by the
center of the set S we mean the number c satisfying , which means
that the area between the diagonal line y = (x-c) and the portion
of the set S to the right of x=c is equal to the area between the
line y = (x-c) and the portion of the set S to the left of x = c. The
center is unique and can be found with the formula . Sometimes
this is called the centroid of S or the center of mass of S (with
constant uniform density). It’s easy to check that the center of an
interval [a,b] is its midpoint ½(a+b). Figure 6 illustrates the fact

that best approximates the graph in the distance on the interval
[-2,2] because the graph is above the line on the set and the graph
is below the line on the set and these two sets both have the same
length (= 2) and the same center (= 0).
One particularly nice case is when the closest line intersects
the graph of f exactly twice (which happens if the function is
concave up or concave down on the interval). In Figure 8 we
see a graph where the set of points where the graph is above the
line is and the set of points where the graph is below the line is
. In this case the interval [a,b] is chopped up into three intervals
and S is the middle interval and T is the union of the other two
intervals. One can then compute that the only way that S and T

that the center of the set is c = 5 because the two shaded regions
have the same area and thus . One can also check that the center
of the set is the point c = 2.
The following very nice theorem characterizes geometrically the
line that is closest to a given function f in the (or area) distance.
Theorem 2: If f is a continuous function on an interval [a,b] having
the property that its graph intersects any line in a finite set of points,
then a line L is closest to f in the distance on [a,b] if and only if the
two sets S = {x : f(x) > L(x)} and T = {x : f(x) < L(x)} have the same
length and the same center.
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can have the same length and the same center is for S to be the
“middle half ” of the interval [a,b] and for the set T to be the union
of the “first fourth” and the “last fourth” of [a,b]. Thus, we must
have c = a + ¼(b-a) and d = a + ¾(b-a). We call these two points
in the interval [a,b] the magic points of the interval. It follows
from the reasoning above that if the line that is closest to f in the
distance intersects the graph of f at exactly two points, then it
must intersect the graph of f at these two magic points in [a,b].

best approximates in the distance is the line that passes through
the two points (1/2, 1/4) and (3/2, 9/4). This line is y = 2x – 3/4. WOW!
That was easy to do, in fact that only required simple algebra!
One should contrast Example 3 with Example 1. In Example
3 we found that the line that best approximates in the distance on
[0,2] is y = 2x - 3/4, whereas in Example 1 we found that the line
that best approximates in the distance on the interval [0,2] is the
line y = 2x - 1/2. So whenever one speaks of a “best” approximation
it is critical to understand what is meant by “best”. These two
“best” approximations do not always have the same slopes. In fact
for functions on [0,1] the best approximation will have slope 1
for every n, where as best approximation will have slopes that are
converging to zero as the power n goes to infinity, hence these
lines are generally very different.

Corollary 2: (2 Magic Points) If f is a continuous function on an
interval [a,b] that is concave up on [a,b] or concave down on [a,b],
then the line that is closest to f in the distance is the line that passes
through the two points on the graph of f whose x coordinates are x =
a + ¼(b-a) and x = a + ¾(b-a).
Example 3: Since the magic points in the interval [0,2] are the
points x = ½ and x = 3/2 we see that for on [0,2], that the line that
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Comparison of Macro and Microconstituents in Organic
vs. Conventionally Grown Eruca sativa Mil
Written by Susie Giampalmo; Biology Major; Glenwood, Maryland
Research was conducted by the Medicinal Plant Biology Class (Bio 225) taught by Dr. Bill Hamilton
Biology 225, under the guidance of Professor Bill Hamilton, investigated the nutritional quality and antioxidant properties of Arugula grown via organic
and conventional agricultural methodologies. Beginning with a foundation of botany lectures on metabolic mechanisms, evolution, and anatomy, and
culminating in a research project, the class moved to from the white-board to the green-house. As seed were planted, theories were tested, assays reworked
and reworked, students transitioned into scientists. In the words of Senior biology Kati Kamp “We not only learned a lot about plants and human health,
but also about how actual scientific research is conducted. The class was a lot of fun, and I got to know some really wonderful people.”

Comparison of Antioxidant Activities and Nutritional Value in
Organic vs. Conventionally Grown Eruca sativa

significant difference in phenolic compounds between organic
and conventional strawberries (Hakkinen, 2000).
Eruca sativa, commonly known as arugula or rocket, is a
Introduction
popular salad crop, noted for its pungent taste. (Bennet et all,
The market for organically grown foods is one of the fast
2006) To date, there are no published studies regarding the effects
growing segments of agriculture in the United States. Government
of different agricultural methods on E. sativa. E. sativa contains
estimates show that about $7.8 billion was spent on organic foods
several microconstituents known to protect against oxidative
in the year 2000. The amount of organic crop land doubled
stress: carotenoids, ascorbate, fibers, flavonoids, and glucosinolates
between 1992 and 1997 to 1.3 million acres. This popularity
(GLs). Mastication of tissue activates a progression of GLs to
of organic products was reflected in mainstream culture when
isothiocynates (ITCs) to enzymes that reduce damage caused by
starting in 2000, the majority of organic foods purchased were
activated oxygen species, such as glutathione transferases, NAD(P)
bought at conventional supermarkets (Dimitri, 2006). Studies
H:quinone reductase, and epoxide hydrolase (Barillari et all,
of “Willingness to pay” found that consumers concerned with
2005). Correlations have been shown between such antioxidants
environmental protection and
and a decreased rate of cancer
Eruca
sativa,
commonly
known
as
health diets are willing to pay
and other degenerative diseases.
arugula or rocket, is a popular salad
a higher premium for organic
(Kurilich, 1999, Galati, 2000)
crop, noted for its pungent taste.
products. A correlation also exists
Ascorbate (Vitamin C) influences
between the perishable nature of
immoprotection, collagen synthesis,
the product and willingness to pay; there was significantly higher
anti-histamine reactions, and metal ion metabolism. The
willingness to pay for organic meats, dairy, fruits, and vegetables
fluorescence of chlorophyll can be used to determine the plants’
(Gil et al, 2000).
interaction with tropospheric ozone, a stressor and source of
Scientific literature has yet to validate the consumers’ belief
activated oxygen species, as well as UV radiation. Chlorophyll
that plants grown by organic methods have a superior nutritional
concentration can be used to gauge over-all plant health and
value and that any significant different in nutrient levels
growth potential through accumulation of biomass. (Krupa, 2001,
translates into a significant improvement in health. Difficulty in
Smith, 2000). Carbohydrates are the primary macroconstituent
comparison of these different agricultural methodologies stems
of plants which provide a measure of energy available after
from a large number of confounding variables. (Caris-Veyrat
consumption (Caris-Veyrat et al, 2004). The purpose of this
et al, 2004, Mitchell, 2007, Brandt et all, 2001). Correlations
experiment was to assess whether or not the method of cultivation
regarding macro- and microconstiuents of plants grown by each
significantly influences the antioxidant, ascorbate, chlorophyll,
method differ not only by agricultural procedure but variety of
and carbohydrate levels in Eruca sativa.
plant. Ascorbate, carotenoids, and polyhpenols were found in
A secondary variable influencing the nutritional value of foods
higher concentrations in organically grown tomatoes than those
available to consumers is preservation. Over time degradation of
which were conventionally grown (Caris-Veyrat et al, 2004).
chlorophyll and carotenoids occurs. Fresh weight loss, color shifts,
There has also been conflicting data published that indicated no
and increases in microbial populations have also been observed.
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The rate of these occurrences increased proportionally with
temperature. (Pandrangi, 2004). This experiment also compared
the level of mentioned macro- and microconstituents in stored
tissue over time as well as fresh-picked tissue against a packaged
store-bought sample.

centrifuged (Eppendorf Centrifuge 5810R) at 10,000g for 4 min;
30.μL of supernatant were transferred to glass cuvette and diluted
with 970μL of 80% ethanol. 4.00mL of concentrated H2SO4
was added to sample. Four minutes later, 50μL of 90% phenol
was added. Samples were let rest for 30 min and then inverted.
Absorbances were read at 480nm (Thermospectronic 20D+). A
standard curve was prepared for the phenol-sulfuric acid assay by
serial dilution of sucrose.
Chlorophyll
Chlorophyll was analyzed using modified
procedure from Tait et al (2003). Fresh tissue (0.10g) was
ground and suspended in 1.00 mL dimethylsufoxide (DMSO).
Samples were stored at room temperature for 24 hrs. Following
the extraction period, samples were centrifuged (Eppendorf
Centrifuge 5810R) at 10,000g for 4 min, and 1mL of supernatant
was transferred to glass cuvette and diluted with an additional in
2 mL of DMSO. Absorbances were measured (Thermospectronic
20D+) at 649nm to determined the concentration of chlorophyll b
and 665nm for chlorophyll a. Absorbance readings were converted
to chlorophyll concentration using Wellburn’s equations:
𝐶ℎ𝑙𝐴(𝜇𝑔𝑚𝐿)=12.19𝐴665−3.45𝐴649  1
𝐶ℎ𝑙𝐵(𝜇𝑔𝑚𝐿)=21.21𝐴649−5.32 𝐴55  2.
Radical Scavenging Compound Antioxidant activity was
evaluated using DPPH in accordance with Miliauskas et al.(2003).
Fresh tissue (1.00g) was extracted in 1mL of 90% methanol.
Sample was stored <0°C without thawing for 24 hrs. After
thawing, samples were centrifuged (Eppendorf Centrifuge 5810R)
at 10,000g for 4 min. Supernatant (77μL) was combined with
DPPH and reaction was allowed to proceed in the dark from 15
min. Absorbances were read at 520nm (Thermospectronic 20D+).
Radical scavenging activity was assessed using the equation:
% 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦=𝐴𝐵−𝐴𝐴𝐴𝐵  ×100  (3)
where AA equals the absorbance of sample after 15 minutes
and AB for the blank.
Ascorbate
Extraction was performed on 5.00g of fresh
tissue was homogenized and suspended in 5mL of H20. Samples
were centrifuged (Eppendorf Centrifuge 5810R) at 10,000g for
4 min. 2mL of supernatant was then immediately titrated with
DCPIP; titrant concentration equaled .4g/L. Analysis of ascorbate
concentration was completed using the linear correlation of mL
DCPIP and ascorbate.
Statistical Analysis
Data from the fresh tissue samples
were adjusted to account for variance in percent water between
treatments, using percentages from dry weight calculation.
For each harvest, assays were preformed in quadruplicate; all
measurements within a treatment were found to be replicates with
minimal deviation by a Q-test. Analysis of variance (ANOVA)
was used to determine if there was a significant difference (P <

Methods
Cultivation
Eruca sativa was grown from seeds
(Southern Exposure Seed Exchange) in a soil mixture of organic
topsoil (Fafard, Canada) and calcined clay (Turface, USA). Four
seeds were planted per pot in 8X4 flats containing twenty pots,
at a depth of 2 mm below surface. E. sativa was seeded and
germinated under germination roofs so as to maintain a controlled
level of moisture; flats were watered on a daily basis. Greenhouse
temperature was maintained between 20°C - 27°C. Sodium Vapor
lamps were used to supplement daylight, maintaining a ratio of
16 hours on and 8 hours off. A week after germination, the E.
sativa was transplanted and thinned to result in only 2 plants
remaining per pot. All subsequent growth trials were planted two
seeds per pot. At one week, E. sativa flats were divided randomly
into two groups, and fertilized with either organic or conventional
supplement. Conventional treatments received 50 mL/pot of King
Neptune sea kelp (Massachusetts, USA) with percent nutrient
ratio N:P:K of 4:4:2 Organic treatments received 50 mL/pot of
Peter’s Fish Emulsion (Massachusetts, USA), 1:1.5:0. Fertilization
replaced watering once a week. After six weeks, above-ground
tissue of E. sativa was harvested; February, March 2010. Senescing
tissue not fit for consumption was removed. Tissue surfaces were
dried to remove excess moisture before analysis. Tissue for storage
analysis was bagged in O2 and N2 in accordance with commercial
practice, and refrigerated for a week. Commercial samples were
purchased from Kroger (Virginia, USA), and certified organic
by Quality Assurance International, in stated accordance with
USDA standards. Tissue from each pot was divided between the
four assays: 0.50g total carbohydrates, 0.10g chlorophyll, 1.00
g antioxidant, and 5.00 g ascorbate. Tissue for dry weight was
dried in oven at 65 °C for 24 hrs.
Organic Matter
Following dry weight measurement, dried
tissue samples were ground, transferred to a crucible, and ashed at
360°C for 4 hours. The percent difference was used to calculate
the carbon composition of Eruca sativa trials.
Total Carbohydrate Sugars were extracted using 80% ethanol
according to a modified version of the methods in Smith et al.
(1964) and prepared according to a modification of the phenolsulfuric acid assay used in Taylor (1994). Fresh tissue (0.50g)
was ground and suspended in 2.5mL of 80% ethanol. Samples
were stored at room temperature for 24 hrs. Samples were then
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.05) between conventional and inorganic method. Student t test
was used as a comparison between fresh and stored treatments.

within each respective group, indicating that storage does not
affect caloric content. These results are supported by outside
experiments (Pandrangi, 2004).

Results and Discussion

Chlorophyll

Mean concentration of total carbohydrates ± SE resulting
from phenol-sulfuric acid assay was found by ANOVA: Fresh
organic (FO) and Fresh inorganic (FI) were picked same day as
assay, Stored Organic (SO) and Stored Inorganic (SI) packed
in oxygen-nitrogen gas mixture and refrigerated for one week,
Purchased Organic (PO) assayed prior it listed expiration date.
Lower case variables (a), (b), (c) represent the group within which
there is no significant difference, p>.05.
Organic Matter
From the dry weight measurements, mean
percent water for fresh organically grown tissue (89.2±3.2 SE)
was found to be significantly higher than the percent water for
fresh inorganic tissue (79.4±2.9 SE). These findings refute other
published studies which found lower percent water in organically
grown leafy crops than that in conventionally grown crops. (CarisVeyrat et al, 2004). The existing literature reasoned higher water
levels result from unsustainable growth spurts due to high, readily
accessible nitrogen levels in conventional fertilizer. However, it is
possible that these growth spurts did occur, but available nitrogen
was used at such a rate that soil was left deficient for an extended
period of timeand the plants’ health was impacted beyond the
extent found in previous studies and altering normal cellular
osmotic balance. This possibility is further supported by the
red coloration of leaves, indicative of a nitrogen deficiency, and
the findings regarding of macro-micronutrients discussed in the
following sections.
For the ashed tissue samples no significant difference in mean
percent carbon was found between the fresh organic (68.4± 4.9SE)
and fresh conventional tissues (71.7±3.9SE).
Total Carbohydrates Figure 1 depicts the overall findings of
the phenol-sulfuric acid assay and conversion from absorbance
to milligrams of carbohydrates per gram dry weight of sample by
standards curve. All organic tissue: fresh, purchased, and stored,
had a significantly higher concentration of total carbohydrates
than either of the inorganic samples: fresh or stored; organic
tissue had a significantly higher caloric value. Purchased organic,
however, was significantly lower than either of the organic tissue
samples experimentally cultivated. Again experimental results
differed from a survey of literature, which found no significant
difference in carbohydrate levels between organic and inorganic.
Mean concentration of total chlorophyll (a+b) ± SE resulting
from DMSO assay; For details see Figure 1.
(Woese et al, 1997). There was no significant difference in
total carbohydrate concentration between fresh and store tissue

Mean percent antioxidant activity ± SE resulting from DPPH
assay; For details see Figure 1.

Figure 1.
A comparison of total chlorophyll concentration in milligrams
of chlorophyll per dry weight gram of tissue is presented in
Figure 2. Chlorophyll levels were found to be significantly
higher in organic plants experimentally cultivated than in those
cultivated by conventional methods, indicating a better overall

Figure 2.
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health resulted from organic methods of growing Eruca sativa.
Purchased organic did not differ significantly from stored organic
or packaged fresh. Storage was found to significantly decrease
the chlorophyll concentration, in both organic and inorganic
treatments. The total chlorophyll was reported rather than the ratio
of chlorophyll A and chlorophyll B due to the ratios dependence
on the greenhouse conditions.

Radical Scavenging Compounds
Figure 3 displays percent antioxidant activity as calculated from
the radical scavenging of DPPH. Organic agricultural methods
resulted in a significantly higher level of antioxidant activity in
comparison with corresponding inorganic tissues. Similar trends
were reported in other experiments on a variety of fruits and
vegetables. (Mitchell, 2007). Storage was not found to have a
significant effect. Purchased organic had significantly lower levels
of antioxidant activity than experimentally grown Eruca sativa.
Mean concentration of ± SE resulting from DCPIP assay; For
details see Figure 1.* No data was collected for Purchased Organic.

Figure 4.
Literature reports congruent trends, that ascorbate levels in
produce cultivated organically compared to inorganically waere
statistically significantly higher (Caris-Veyrat et al, 2004). Storage
significantly decreased ascorbate levels in both treatments.

Conclusion
With the exception of ascorbate, fresh organically cultivated
Eruca sativa had significantly higher levels of macro- and
microconstituents assayed (total carbohydrate, chlorophyll, and
antioxidant compounds) than the respective conventionally
treatment. These findings indicate that improved plant health
as well as increased nutritional quality resulting from organic
cultivation instead of conventional. Additional components could
also be evaluated to further the comparison of methodologies,
including evaluating which part of the agricultural methodology
produces the greatest increase. Soil analysis would provide insight
into the causality of various trends observed. An assay of other
pigments, such as anthocyanin, would allow for quantitative
measurements of the visible difference in pigmentation observed
between the organic and conventional treatments, and as well as
provide insight into nutrient deficits and the carbon-nitrogen
balance.
This experiment’s ability to provide conclusive justification or
invalidation of the consumers’ higher willingness to pay is limited
by lack of a population study. Further investigation is needed
to determine if the increase in the mean levels of macro- and
microconstituents found between treatments is on a large enough
scale to cause measurable improvements in health condition due
to consumption.
The overall results of the secondary experiment regarding
storage were inconclusive; a significant decrease existing in two
of the four assays. Various alterations to packaging could be
examined in an attempt to eliminate these losses. Due to lack

Figure 3.

Ascorbate
While the mean concentration of ascorbate was found
to be higher in organic than inorganic tissue, this trend was
not significant. Additional modifications to the DCPIP were
required regarding concentration of analyte and titrant and the
visibility of the indicator after the period of data collect had
begun, resulting in a smaller sample size. Therefore, inconstancies
and higher uncertainty in this assay resulted in a high level of
standard error, limiting the significance of the findings. Also
no valid data was collected regarding purchased organic tissue.
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of availability of packaged conventional Eruca sativa it is not
possible to conclude if significant differences in constituents
resulted from agricultural methods or storage time. However
it is possible to conclude that fresh organic macroconstituent
levels were significantly higher or equal to the organic produce
purchased from commercial store for all of the assays performed.
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The Neural Correlates of Love: A Neurobiological
Review of Attachment and Romance
Sam Brusca ’10; Neuroscience Major; Rockville, Maryland

Numerous feelings are used to describe and define “love.” discrete emotional systems that represent a specific aspect of
Attachment, passion, and lust can all be attributed to this rather
reproduction (Fisher, 2000). Though imaging studies enable
confusing concept. Anthropologists consider romantic love a
researchers to compare these emotion systems in humans, studies
human universal; it is an experience that crosses cultures and
involving animals are obviously much more difficult to categorize.
continents (Fisher, Aron, & Brown, 2006). It is a pervasive
The study of attachment in animals has enabled researchers to
sensation that can overwhelm other facets of life and trump other
better understand the neurochemistry of attachment and “love.”
habits and priorities (Fischer et al., 2006). Despite the magnitude
Although aspects of neurobiology certainly differ from species to
of love’s effects on human life, only recently have neurobiologists
species, experiments with prairie voles and rats allow researchers to
even attempted to understand the
hypothesize and theorize comparable
neural mechanisms behind it (Zeki, “No, this trick won’t work. How on earth
mechanisms in humans. Three
2007). Instead, love has generally
neurotransmitters have mainly been
are you ever going to explain in terms
been left to the poets, artists,
associated with pair bonding in
of chemistry and physics so important a
and novelists and is sometimes
animals and are hypothesized to play
biological phenomenon as first love?”
considered outside the scope of
a role in human romance systems
~ Albert Einstein
experimental science (Sue Carter,
as well. Oxytocin, vasopressin, and
1998). Though the humanities and
dopamine have all been connected
literature have historically dominated the subject, recent scientific
with attachment, affection, and social bond formation (Zeki,
research has begun to delve into the neural basis of love. Through
2007). Though animal social bond formation is not the equivalent
both animal and human based imaging studies, researchers are
of human “love,” it does serve as a good jumping off point in the
now beginning to comprehend the neural complexity of adult
further study of that emotion.
attachment and affection. However, scientific progress in the area
Dopamine is mainly cited as the chemical factor of attachment
of human romance has not been easy. Because neurobiological
that makes social bonds and relationships reinforcing and
research requires such stringent controls and often uses invasive
rewarding. In this way, social relationships are similar to addiction
techniques, it has been difficult to apply the scientific method
(Zeki, 2007). Oxytocin and Vasopressin have been connected to
to human experiences of love (Sue Carter, 1998). In addition to
social interactions and sexual satiety. Oxytocin in particular has
concerns about experimental design, there is also a broad range of
also been linked to maternal care in mammals (Debiec, 2005).
opinions concerning how to correctly define love as a construct.
Maternal attachment is similar to adult attachment; however, it
Feelings such as attraction and sex-drive are sometimes treated
lacks sexual behavior and “romantic” sentiment. Comparing these
separately from love and, conversely, are sometimes included in
two concepts may illuminate intricate differences in their neural
an overarching definition of love.
mechanisms. Studies of these neuropeptides in humans are much
Some argue that it is unlikely that love can exist without
less common than in other mammals, but their role in the human
attachment. Therefore, the examination of attachment is a good
attachment system is still probable. Studies involving human
place to start in the empirical study of love (Sue Carter, 1998).
participants have focused mainly on mapping brain systems and
It is also contended that lust, attraction, and attachment are all
neural correlates. Using fMRI and other imaging techniques,
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researchers have attempted to define the human brain regions
responsible for romantic love (Bartels & Zeki, 2000). As the
aforementioned neuropeptides have been linked to sexual behavior
and maternal care in addition to romantic love, researchers have
also mapped the neural correlates of maternal love and lust (Insel
& Young, 2001). It is difficult to apply the neurobiological findings
in animals directly to human models; nevertheless, imaging
techniques enable researchers to relate animal model findings to
human subjects (Debiec, 2007). By comparing images, researchers
hope to get a better idea of the mechanisms behind human adultadult love and attachment.

animals have almost exclusively been conducted on prairie voles,
which are known to form monogamous long-term relationships.
Prairie voles have been especially useful in the study of pair
bonding and adult-adult social relationships because of their
tendency to form long-term monogamous relationships. Both
monogamous and non-monogamous species of voles exist within
the genus (Sue Carter, 1998). Although there is no way to infer
romantic love from vole relationships, the neural mechanisms
behind pair bonding can be used to theorize similar patterns in
humans. Witt, Carter, and Walton (1990) injected prairie voles
both centrally and peripherally with oxytocin. Although sexual
activity seemed inhibited by oxytocin injection, social interactions
such as auto-grooming were increased and aggression was reduced
(Witt et al, 1990). The authors hypothesized that the reduced
sexual activity seen in the voles may be attributed to oxytocin’s
role as a signal of sexual satiety. Oxytocin’s release during sexual
climax has also been hypothesized in humans (Witt et al, 1990).
Similar results of increased sociality were also demonstrated when
male and female rats were injected with oxytocin (Witt, Winslow,
& Insel, 1992). Although rats are not known for pair bonding,
the general increase in sociality does indicate a role of oxytocin in
facilitating social interaction. More directly related to romantic
love and attachment, oxytocin injection has been linked to partner
preferences (Williams et al., 1994). Female prairie voles hooked
to an oxytocin pump showed a preference towards spending time
with familiar male voles as opposed to strangers. The oxytocin
had no effect when it was administered peripherally (Williams
et al., 1994). The experimental familiar male was the male vole
present during the infusion of oxytocin. The familiar male was
meant to resemble the male present during the natural release of
oxytocin during sex in wild prairie voles. As mentioned above,
some species of voles, such as montane voles, are similar to prairie
voles but do not form lasting social bonds. Insel et al. (1996)
studied differences in oxytocin receptor densities between the two
species. Both montane voles and prairie voles had high receptor
densities in the hypothalamus and lateral septum, but the prairie
voles had unique densities in the nucleus accumbens and the
midline frontal cortex (Insel et al., 1996). The receptor density
differences could contribute to the presence or lack of long-term
social bonding between voles. Oxytocin most definitely plays a role
in the formation of rodent pair bonds; however, the applicability
of these findings to the human model is still in contention. In
addition to oxytocin, other neuropeptides, such as vasopressin,
have also been linked to pair bonding and the formation of social
relationships.

Oxytocin
Oxytocin is a small neuropeptide made up of nine amino
acids. The majority of circulating oxytocin is synthesized in
the magnocellular neurons of the supraoptic nucleus and the
paraventricular nucleus (Sue Carter, 1998). The neuropeptide
is then transported to the posterior pituitary where it is stored
and released into the bloodstream. Also, oxytocin is released
within the central nervous system by parvocellular neurons in
the paraventricular nucleus (Sue Carter, 1998). Only one type
of oxytocin receptor has been identified, and it has been located
in the limbic-hypothalamic system, the olfactory system, and the
brain stem. Prior to research concerning romantic love, oxytocin
was primarily associated with maternal care. Oxytocin is released
in large amounts during childbirth and is necessary to contract
myoepithelial tissue in the breasts to produce milk (Sue Carter,
1998). With its established role in the physiological aspects of
motherhood, oxytocin release has been linked to maternal love.
Kendrick, Levy, and Keverne (1992) studied selective maternal
behavior in sheep. In their study, raised oxytocin levels were
associated with selective attachment between the new mother
and her specific lamb based on an altered sense of smell. It has
been hypothesized that oxytocin plays a role in reorganizing the
olfactory bulb, allowing the mother to recognize slight differences
in odors that aid in differentiating among lambs (Levy et al.,
1995). Modulated noradrenaline, GABA, and acetylcholine, which
function in odor memory, are somehow affected by the change
in oxytocin release (Levy et al., 1995). Studies in rats have also
linked oxytocin to maternal care. Oxytocin injected into virgin
female rats induced maternal behavior even though such behavior
normally develops in conjunction with labor (Pederson et al., 1982,
as cited in Lim & Young, 2006). Rats were very useful in studies
concerning maternal behavior and attachment; however, as rats
do not form long-term relationships, they were not as useful in
the study of adult relationships. Therefore, pair bonding studies in
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Vasopressin

higher binding in the lateral septum (Insel et al., 1994). However,
no sex differences were found in vasopressin binding. Although,
binding rates did not explain sexual dimorphism, the difference
between species still suggests a significant role of vasopressin in
the formation of pair bonds. The amygdala, which is critical for
social learning, is a main site of difference between species. Young
et al. (1997) looked at V1a receptor gene expressions instead of
concentrations of binding peptides. Using in situ hybridization,
the authors were able to identify species’ differences in receptor
mRNA. Like the binding sites, prairie voles showed raised V1a
mRNA concentrations in the diagonal band and the laterodorsal
thalamus compared to the montane voles (Young et al., 1997).
Both vasopressin and oxytocin showed significantly different
binding patterns and effects of infusion between the two species of
voles. However, vasopressin studies enabled researchers to examine
the sexual dimorphism that exists in neuropeptide modulation of
social bonding. It has been suggested that the differing effects of
oxytocin and vasopressin on males versus females are related to
peptide hormone interactions. While oxytocin action has been
linked to changes in estrogen, vasopressin action has been linked
to changes in testosterone (DeVries & Villalba, 1997, as cited in
Sue Cater, 1998). The altered neuropeptide release that coincides
with sexual behavior links the act of mating to the formation of
social bonds. However, catecholamines are also released during
sex, creating a rewarding experience that may drive the adult
attachment.

Vasopressin’s structure is quite similar to that of oxytocin. The
two peptides have the same ring formation and only differ by two
amino acids. In addition, the gene for both peptides resides in the
same chromosome (Sue Carter, 1998) Vasopressin also mirrors
oxytocin in that its main sites of synthesis are the paraventricular
nucleus and the supraoptic nucleus. Unlike oxytocin, three
different types of vasopressin receptors have been identified (Sue
Carter, 1998). Receptor V1a is found in the olfactory system, the
limbic-hypothalamic system, and the brain stem. V1b receptors
are mostly located in the pituitary, and the V2 receptors are located
in the kidney (Sue Carter, 1998). The classic actions of oxytocin
and vasopressin are usually in opposite directions. Whereas
oxytocin is known to generally reduce autonomic reactivity to
stress, vasopressin is known to increase defensive behaviors with
associated vigilance and arousal (Carter et al, 2008). In addition,
vasopressin has been implicated in some types of memory. This is
supposedly related to partner recognition and formation of partner
preference (Sue Carter, 1998). As described below, vasopressin is
especially interesting in the study of pair bonds because it seems
to highlight differences between genders. Similar to oxytocin,
prairie vole studies dominant the literature regarding vasopressin’s
role in social attachment and the formation of long-term adult
relationships.
Vasopressin’s role in social memory and territorial displays
make it a prime target in hypotheses concerning pair bonding.
Winslow et al. (1993) found that chronic vasopressin injections
could facilitate the beginning of partner preferences and territorial
behavior in prairie voles. In the wild, male voles’ territorial
behavior is coincident with mating. Winslow et al. (1993) were
able to replicate this aggressive behavior in sexually naïve voles
with vasopressin injections. Territorial aggression is critical to
vole pair bond formation as it functions to guard the nest and
prevent the female from promiscuous activity (Carter, DeVries,
& Getz, 1995). Montane voles did not show increased aggression
with vasopressin infusion, and oxytocin did not incite significant
aggressive behavior. The authors concluded that vasopressin was
implicated in selective aggression and partner preferences in males
particularly. Thus, a sexual dimorphism seems to exist (Carter et al.,
1995). Where oxytocin was released in mating females, vasopressin
was released in mating males. Like oxytocin, significant differences
in vasopressin action have been found between non-monogamous
montane voles and monogamous prairie voles. Insel, Wang, and
Ferris (1994) studied vasopressin receptor binding sites in the two
species to try to identify differences in the peptide’s mechanism
of action. They found that prairie voles had higher binding in the
laterodorsal thalamus and amygdala, while the montane voles had

Dopamine
Something about adult romantic relationships is rewarding.
Romantic love, and its associated feelings of exhilaration, is a
reinforcing experience. In this way, romantic love can be associated
with the symptoms of addiction (Fisher, 2000). The primary
neurotransmitter involved in reward, reinforcement, and addiction,
dopamine, has recently been linked to romantic love. Raised
dopamine concentrations in the brain are generally associated
with euphoria, decreased need for sleep, and anxiety. Therefore,
dopamine may be responsible for the anxiety, sleeplessness, and
elevated energy that are commonly coupled with passionate or
romantic feelings for another person (Fisher, 2000). Dopamine
also plays a pivotal role in the addiction pathway from the ventral
tegmental area to the nucleus accumbens (Insel, 2003). It has
been suggested that the release of oxytocin and vasopressin during
sexual climax links the neuropeptides with dopamine and the
reward pathways (Debiec, 2007). By linking social relationships
to reward, pair bonding becomes a reinforcing practice. Like
neuropeptide research, the majority of dopamine research is
performed on the rodent model.
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As with oxytocin, dopamine has been connected to maternal
behavior in addition to pair bonding behavior. A mother’s
relationship to her offspring is rewarding and can be associated
with some obsessive qualities of addiction. Hansen, Bergvall, and
Nyiredi (1993) studied changes in dopamine release when female
rats interacted with their newborn pups. Following separation,
extracellular concentrations of dopamine were increased in the
ventral striatum when the mother was reunited with pups. The
main behavior associated with the reunited family was nursing
(Hansen, Bergvall, & Nyiredi, 1993). Other studies have linked
maternal behavior with increased Fos production and the
dopamine reward pathway. Fos proteins are transcription factors
that are used as markers of neuronal activation (Stack et al., 2002).
Stack et al. (2002) used immunochemistry and knife cuts to
identify brain regions that were under the influence of neurons in
the bed nucleus of the stria terminalis (BST) and medial preoptic
area (MPOA). The MPOA and BST are integral to the rodent
model of maternal behavior. Stack et al. (2002) identified the
nucleus accumbens and the lateral septum as the primary regions
modulated by the BST and MPOA during maternal behavior.
Therefore, a connection between dopamine reward pathways
and maternal behavior seems likely (Stack et al., 2002). Mating
and other adult-adult bonding interactions are also linked to
dopamine and addiction. Like oxytocin, dopamine seems to play
a role both in maternal attachment and in romantic attachment.
Pfaus et al. (1995) examined dopamine release during sexual
relations in female rats. Significantly raised dopamine levels
in the nucleus accumbens were identified during copulation
as compared to running on a wheel (Pfaus et al., 1995). This
related female dopamine release to similar results found in males.
It also confirmed that the increased levels of dopamine in the
reward center are due to sexual behavior and not locomotor
activity (Pfaus et al., 1995). Sexual relationships in humans and
in rodents do not necessarily equate to romantic feelings and
pair bonding. More definitive links between dopamine and pair
bonding concern partner preferences. Gingrich et al. (2000)
studied dopamine’s ability to foster partner preferences in prairie
voles. Previous studies had shown that dopamine D2 agonists
could facilitate partner presences in the absence of mating;
however, Gingrich et al. (2000) limited dopamine agonists to
the nucleus accumbens only. They found that D2 agonists injected
directly into the nucleus accumbens fostered partner preferences,
while D2 antagonists injected to the same area disrupted partner
preferences (Gingrich et al., 2000). Dopamine’s connection to
social behavior and attachment can also be tied in with the action
of oxytocin and vasopressin. The receptor density differences
between monogamous and non-monogamous species of voles were

primarily in the nucleus accumbens and the ventral pallidum (Insel,
2003). Thus, it is hypothesized that oxytocin and vasopressin
release during mating amplify the dopamine signal in the nucleus
accumbens. Future research ought to examine the neurochemical
hierarchy amongst these three acting neurotransmitters. Which of
the neurotransmitters is most responsible for partner preferences
and establishment of long-term adult relationships?

Lust Imaging
It is difficult to perform invasive neurobiological studies
on humans. Experimental surgery on live human brains is not
possible, and infusing human subjects with dopamine agonists
or vasopressin is questionable ethically. However, the emergence
of improved imaging techniques has enabled researchers to
explore the brain regions associated with human emotion in
new, non-invasive ways. It is through these imaging techniques
that researchers are able to explore whether or not rodent model
hypotheses are applicable to humans. Additionally, researchers are
able to examine the differences in brain activations between the
multiple facets that make up romantic love. In the rodent model,
copulation and sexual behavior is linked to the beginning of pair
bond formation. The brain activations of lust and sexual drive
have also been studied in humans. Arnow et al. (2002) studied
the fMRI images of males watching erotic films. In their study,
Arnow et al. (2002) examined links between brain activations and
sexual arousal in college-aged, heterosexual males. Arousal was
measured with a custom built penile pressure cuff. By comparing
the brain activations and sexual arousal of the subjects watching
erotic film, sports, and relaxing videos, the authors were able to
identify differentiated brain regions. Using an erection based
regression analysis, significant activations were observed in the
insula/claustrum, the hypothalamus, and the caudate/putamen
(Arnow et al., 2002). The hypothalamus activations link the rodent
and human models. Paraventricular release of oxytocin has been
seen both in rodents and in humans during mating and sexual
arousal respectively (Arnow et al., 2002). Moreover, dopamine
is projected to the hypothalamus, and dopamine’s role in sexual
arousal has been observed to facilitate erection in humans (Marder
& Meibach, 1994, as cited in Arnow et al., 2002). The role of
dopamine has also been extensively studied in the rodent model
as outlined above. Here, connections between the rodent and
human models of sexual arousal seem to be primarily located in the
hypothalamus. In a similar study, Karama et al. (2002) compared
the brain activations associated with sexual arousal for males and
females. Males demonstrated significantly higher sexual arousal
to visually presented erotic stimuli. In both genders, there was
characteristic activation of anterior cingulate, medial prefrontal,
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insular, and occipitotemporal cortices (Karama et al., 2002). Only
in males was there a significant activation of hypothalamic regions.
Like the rodent model, there seems to be a gender dimorphism
in the physiological response to arousal in humans. However,
these presented differences could be related only to visually
presented stimuli (Karama et al., 2002). Activation during the
act of copulation could still show a female hypothalamic response.
Nevertheless, love and sexual desire are not necessarily a unified
emotion. Therefore, there are also numerous imaging studies on
attachment that mainly concern maternal and romantic love.

putamen, and globus pallidus. Significant deactivations were
also recorded at the middle prefrontal cortex, parieto-occipital
junction, and medial prefrontal/paracingulate cortex (Bartels &
Zeki, 2004). Maternal love and romantic love showed significant
overlap in much of the cortical and subcortical activations such as
the putamen, and middle insula. However, romantic love did show
unique activations in the hypothalamus and dentate gyrus (Bartels
& Zeki, 2004). The authors hypothesized that the overlapping
activations and deactivations were associated with brain areas
high in oxytocin and vasopressin receptors. Additionally, both
attachment models showed deactivation of regions associated
with negative emotions (Bartels & Zeki, 2004). Maternal and
romantic love both involve similar reward stimulations and the
suspension of negative emotions. These similarities may relate to
attachment in general. However, the two types of love are most
definitely unique.
Romantic love fMRI studies have the difficulty of defining the
concept “romantic love.” In doing so, some studies generalize the
term, while others break it down into component parts. Bartels
and Zeki (2000) compared the fMRI images of adults when they
observed their romantic partners and when they observed friends.
Romantic love was treated as a singular construct. Activations
were observed in the medial insula, anterior cingulated cortex,
putamen, and caudate nucleus. Deactivations were in the
amygdala, posterior cingulated, and middle temporal cortices
(Bartels & Zeki, 2000). The authors suggested a complex, unique
network of areas responsible for affection; however, they did not
separate romantic love into components. The authors presented
a neural mechanism of romantic love that acts to neglect negative
emotions and activates reward pathways. In contrast, Fisher et al.
(2002) hypothesized separate neural mechanisms for romantic
attraction, lust, and attachment. It is possible that romantic
attraction, lust, and attachment all evolved separately to promote
successful reproduction. Although the definition of romantic
love can include lust, attraction, and attachment, Fisher et al.
(2002) theorized that romantic attraction evolved to facilitate
partner selection, lust evolved to promote mating, and attachment
evolved to enable males and females to successfully complete their
parenting duties. Though their imaging study is ongoing, Fisher
et al. (2002) describe their intention to investigate romantic
attraction separately from lust and attachment. Romantic
love has also been studied as a subliminal prime. Ortigue et
al. (2007) inserted subliminal words into a lexicon task. The
subliminal names of romantic partners promoted significantly
different brain activations than did friend’s names or passion
words. Activations in the ventral tegmental area, parahippocampal
gyri, angular gyrus, occipital cortex, and middle frontal gyrus

Maternal and Romantic Love Imaging
The concept of love is more difficult to characterize and
regulate than lust and sexual desire. Creating effective paradigms
is complicated for an emotion that is made up of multiple facets
such as attachment, sexual desire, and attraction. Despite this,
researchers have still attempted to decipher the brain activations
and neural pathways involved in love. The concept of love is
further complicated by the presence of love without romantic
feelings or attraction. It is this dichotomous nature of love that
makes maternal love studies so relevant. For example, in the
rodent model, oxytocin and dopamine are involved both in adult
attachment and in maternal attachment. However, the role of
mating as a catalyst to adult attachment and birth as a catalyst
to maternal attachment seem to separate the two models. By
comparing romantic and maternal love, one can gain insight into
the neural pathways that differentiate them. Noriuchi, Kikuchi,
and Senoo (2008) used fMRI imaging to explore the brain
activations associated with a mother recognizing her children.
Mothers were presented short video clips of their own infants
and infants of no relation. The videos showed infants crying
for their mother and smiling at their mother (Noriuchi et al.,
2008). There were significant activations for the mother’s own
infant in the orbitofrontal cortices, inferior frontal gyrus, middle
frontal gyrus, middle temporal gyrus, anterior insula, the right
hemisphere hypothalamus, and the putamen (Noriuchi et al.,
2008). There was also a significantly larger and specific activation
in mothers when viewing their infants crying versus smiling. The
orbitofrontal cortices are known to play a role in the dopamine
reward pathway as they receive projections from the ventral
tegmental area (Noriuchi et al., 2008). Dopamine also played a
major role in the rodent model of maternal love, linking humans
to the rodent hypotheses. Another study performed by Bartels &
Zeki (2004) explored both maternal recognition of their children
and adult recognition of their romantic partners. They found
maternal activations similar to that of Noriuchi et al. (2008)
in the orbitofrontal cortices, medial insula, cingulated gyrus,
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matched previous non-subliminal romantic love fMRI studies
and the associated dopaminergic pathways (Ortigue et al., 2007).
Romantic love has proven very difficult to map reliably. Despite
differing definitions and paradigms, some unified ideas seem to
have emerged. Activated dopamine pathways and hypothalamic
regions in humans may indicate similarities between the rodent
and human models of attachment.
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Conclusion
Romantic love is a complex construct that has inspired poets,
artists, and musicians for centuries. The range of emotions and
feelings associated with romantic love make it difficult to study
via the scientific method. Rodent studies, primarily concerning
monogamous prairie voles, have served as a decent starting point
in tackling this complex state of mind. Although animal pair
bonding does not replicate the romantic sentiment of human love,
the neurobiological aspects of attachment seem to be comparable.
The raised levels of oxytocin, vasopressin, and dopamine appear to
decrease anxiety and aggression while activating reward pathways
that reinforce social relationships. Human imaging studies have
also shown increased activation in the brain areas associated with
these neurotransmitters. Additionally, imaging studies seem to
support previous reports of oxytocin and dopamine’s role in human
sexual behavior (Marder & Meibach, 1994, as cited in Arnow et
al., 2002). Despite the increased amounts of research concerning
romantic love and attachment, much remains to be discovered.
Rodent studies can focus on establishing a hierarchy among the
neuropeptides involved in attachment. Using neurotransmitter
antagonists and agonists, researchers may be able to establish the
relative roles of the peptides. Although admittedly difficult to do
so ethically, further neurochemical explorations into the human
romantic love model would also be beneficial. Perhaps circulating
concentrations of the appropriate neurotransmitters could be
measured in relation to romance paradigms. Certainly, this most
pervasive and culturally important emotion deserves additional
attention from the scientific community.
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The Benefit of a Good Night’s (of 45 minutes)
of Sleep: How sleep enhances memory
Mary Petrulis; Neuroscience Major; Cleveland, Ohio

Introduction
Anyone who has lost a night of sleep can tell you how important
sleep is for learning and memory. This anecdotal evidence has been
replicated empirically in numerous studies that have investigated
how differing amounts and types of sleep affect different kinds
of memory. Sleep can be divided into five stages defined by their
electroencephalogram (EEG) patterns. An EEG records electrical
activity in the brain with several electrodes placed around an
individual’s scalp. The electrodes measure the summation of
action potentials of several neurons, measuring synchronous
activity in the brain. Figure 1 shows EEGs of different sleep stages.
Wakefulness and rapid eye movement (REM) sleep are similar in
that they are characterized by an asynchronous EEG. Stage 1 and
2 have lower frequency patterns as the brain transitions into slow
wave sleep (SWS), which is comprised of stages 3 and 4 of sleep.
SWS is characterized by a very synchronous EEG.
After confirming anecdotal evidence of sleep need with
behavioral evidence, researchers then sought to understand
why sleep enhances performance on memory tasks. Memory
consolidation during sleep could explain this phenomenon. This
involves a transfer of encoded memories from the hippocampus
to the neocortex through temporal coupling of activity between
the two neuronal populations during sleep. To further investigate
this hypothesis and better characterize activity in the brain that
would lead to memory consolidation, many researchers have
examined the activity of neurons during wakefulness and sleep.
These studies provide support for the memory consolidation model
of the function of sleep. Another function of sleep may be to
increase synaptic plasticity and decrease synaptic weights so that an
individual may be able to create more memories. Learning involves
forming connections between synapses with the use long term
potentiation (LTP). LTP is a long-lasting increase in efficiency in
signaling between two neurons due to temporally synchronous
stimulation. According to this model, synaptic efficacy is decreased

Figure 1.
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during wakefulness as a result of LTP. During sleep, synaptic
downscaling occurs due to long term depression (LTD), a process
that reverses the effects of LTP. These models help to explain the
importance of sleep in processes involving learning and memory,
although a singular hypothesis that incorporates both has yet to
be determined.

consisting of sleep from 2300h-200h and were tested at 0215h.
On night B, subjects slept from 2300h-0215h and learned from
0215h to 0300h. They then slept again during a retention interval
between 0300-0600h and were tested for recall at 0615h. A “wake”
group experienced a period of wakefulness during the retention
intervals experienced by the “sleep” groups on test nights. In a
recall phase subsequent to sleep, subjects were asked to once again
perform the memory tasks learned the night before.
To test nondeclarative memory, Plihal & Born employed a
wordstem priming task (PRI) which uses two lists of 52 words:
“study” and “novel”. In the learning phase before sleep, subjects
were asked to rate words from the “study” word list according to
their melodious sounds, which induced implicit learning. After
a 5-minute distraction task, subjects were asked to complete
wordstems (for example, “ho” derived from “hotel”) from a list
that included 26 wordstems from the recently rated “study” list
and 26 from the “novel” list. Priming was demonstrated if the
probability of completion increased with words from the “study”.
After sleep, subjects were asked to repeat the PRI task using the
unused 26 wordstems from each list. Performance was rated for
each phase and it was found that subjects performed significantly
better in recall after the later sleep interval, than after the early
sleep interval. Additionally, the difference between loss of priming
between the wake and sleep group was only significant during the
late sleep condition, suggesting that late sleep, that is, REM sleep
enhances nondeclarative memory and not declarative memory
On the other hand, to test declarative memory, a mental spatial
rotation (MSR) task was employed. During a learning phase,
subjects were asked to imagine standing either on a balcony in
a museum or on a timber in a barn with 10 objects surrounding
them and had 5 minutes to memorize their positions in space.
In the recall phase after sleep, subjects were asked to rotate the
objects by 90° and record their new positions. ¬¬All subjects
received both tasks, but the tasks were administered at different
times. Subjects recalled significantly more items after early sleep
(p<.01), a period during which a difference in recalled items was
significant between the sleep and wake groups (p<.05). There was
no significant difference between items recalled for the late sleep
group. These results suggest that early sleep, and therefore SWS,
facilitates declarative memory.
A later study by Tucker et al. (2006) further investigated the
relative contributions of each type of sleep to declarative and
procedural memory with the use of daytime naps, which primarily
consist of non-REM sleep. Procedural memory is a particular
aspect of non-declarative memory that is specific to skill learning.
This experimental design better avoids sleep deprivation, as subjects’
normal nighttime sleep remains interrupted. Additionally, the

Sleep enhances learning
Substantial research demonstrates that performance on memory
tasks is enhanced following an episode of sleep by comparing
performance on memory tasks after differing amounts of sleep
(e.g. Plihal & Born, 1999, Tucker et al., 2006). Furthermore, it
has been noted that different kinds of sleep improve different
kinds of memory, particularly declarative and non-declarative
memory. Declarative memory refers to memory of facts that can
be declared and non-declarative memory refers to the memory
of skills and procedures, priming, non-associative learning, and
classical condition. REM sleep is associated with improvements
in nondeclarative memory tasks, whereas SWS is associated with
improvements in declarative memory tasks. Plihal & Born (1999)
demonstrate this utilizing the fact that SWS dominates the first
portion of a night’s sleep, and that REM dominates the second
half. The study design is shown in Figure 2. In a “sleep” group,
subjects either learned three memory tasks immediately before
going to sleep and recall on these tasks was tested after 3 hours
of sleep. On night A, subjects learned before a retention interval

Figure 2.
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design avoids the possible confound of circadian effects of learning
at night. This design also allows for better separation of non-REM
and REM sleep because neither part of the night is specific for

after learning English-German vocabulary lists, with German as
the native language (Figure 3). In one part of the experiment,
learning took place either 3h before sleep or 15 h before sleep
(Figure 3A). This part of the experiment demonstrated that sleep
within a few hours of learning yielded better performance on
retest conditions than delayed sleep (Figure 4A). To test whether
this effect was dependent on the time of day in which learning
occurred, this variable was held constant and two groups of
subjects learned at night, but sleep was delayed in one group. A
second full night of sleep occurred before retesting to reduce effects
of tiredness (Figure 3B). Again, the time between learning and
sleep determined performance on recall (Figure 4B). Thus, factual
learning is most effective when followed shortly by sleep regardless
of time of retest, time of learning, or duration of retention interval.
Interestingly, it may be that biochemical events brought
about during sleep, rather than electrical activity, are the cause
of enhanced performance on memory tasks after sleep. A more
recent study (Rasch et al, 2009) investigated the effects of
pharmacological REM suppression via administration of selective
re-uptake inhibitors of serotonin (SSRI) and norepinephrine
(SNRI). They found that their administration did not impair
performance on procedural memory tasks. In fact, administration
of SSRIs and SNRIs enhanced performance a sequence tapping
task after sleep. Although this contradicts earlier research by Philal
and Born (1999), it suggests that REM sleep as measured by EEG
may not be the only factor of sleep important for procedural
memory consolidation. While electrical activity in the brain during
sleep plays a large role in processes involving learning and memory,
events such the expression of plasticity-related genes, which will
be discussed later, may persist during REM sleep. These events
may be responsible for its benefits on procedural learning.
In addition to sleep being crucial for memory consolidation,
sleep has also been shown to be important for insight, or the
restructuring of memories leading to a sudden gain in explicit
knowledge (Wagner et al., 2004). To investigate these effects,
subjects performed a learning task that involved transforming a
given string of eight digits into a new string using a particular
set of rules. However, a hidden abstract rule that cut down on
the time to produce the new string of numbers also existed. The
exact moment of insight could therefore be determined by a
sudden decrease in response times. Subjects were first trained on
three task blocks, followed by an 8-h interval of nocturnal sleep,
nocturnal wakefulness, or daytime wakefulness. Subjects that
slept were significantly more likely to gain insight into the hidden
rule than either of the wake groups. An additional experiment
was then performed on subjects that performed the task without
training, that is, in the morning after sleep or in the evening after

Figure 3.
non-REM or REM sleep, but rather has higher concentrations
of a particular kind of sleep. To measure declarative memory, a
paired-associates task, in which subjects were given 48 semantically
related words (e.g. “clock-hands”) and were then asked to give the
second half of the pair when prompted with the first in a recall
phase. After a learning interval, subjects were asked to perform
the recall task once again. To measure procedural memory, a
mirror tracing task of a 5-pointed star was employed. In this task,
subjects were asked to trace the star using only a mirror to guide
their movements. Performance was measured by time it took to
trace the star, as well as the accuracy of drawing, measured by
amount drawn outside of the star. Subjects were given 3 trials at
baseline and 3 at retest after the learning interval.
Subjects in the nap condition were allowed to sleep until the
EEG indicated that the first SWS period was coming to an end
(mean=47.00 min) and remained awake for the rest of the 6-hour
interval. A significant improvement after napping was seen in the
percent improvement in the paired-associates task in comparison to
the wake group (p<.01). There was no significant difference between
the groups for recall of the procedural task. These results suggest that
SWS after learning can enhance declarative memory processing.
Similarly, Gais et al. (2006) investigated the effect of time until
sleep on declarative memory by varying the time until sleep onset
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Figure 4.
wakefulness. Both groups showed significantly lower insight than
subjects who had trained, and then slept. This demonstrated that
the memory representation was established during the training
period and was not a phenomenon of practice during the retest
period. Thus, sleep was necessary for restructuring of initially
acquired task representations to achieve insight.
The importance of these behavioral studies cannot be
overlooked. Such studies provide important evidence that provides
context for further research into the role of sleep in learning. They
provide behavioral evidence for a process of memory consolidation.
Based on this behavioral evidence, it is clear that sleep pays a
large role in memory enhancement. It is logical that if one’s
memory is enhanced after sleep, that some aspect of sleep causes
this improvement. However, this is difficult to decipher because
of the complicated nature of sleep. Researchers have thus turned
to measurable events that occur during sleep, such as changes in
the EEG and changes in gene expression to search for a possible
mechanisms relating to memory enhancement during sleep.

such as speed, direction and turning angle (Wiener et al., 1989).
This fact enables one to decipher which neurons that are activated
during the daytime and follow their activity during sleep.
Wilson & McNaughton (1994) used microelectrode recording
techniques to monitor the activity of 50 to 100 single cell areas in
CA1 of the rat hippocampus during sleep before and after a spatial
learning task, as well as during the task itself. They measured
spike trains, the temporal pattern of action potentials from a
particular neuron. Then, they examined patterns of overlap in the
firing of neurons and compared it to the spatial position of the
rat to determine correlates of spatially overlapped activity in the
brain. During the task, pairs with the most positively correlated
activity while the rat was in a given spatial field were the ones with
overlapping place fields. These cell pairs also exhibited correlated
activity during the subsequent sleep phase. The correlated activity
was not present during the previous sleep phase. This evidence of
replay supports the notion that consolidation occurs during sleep
via reactivation of daytime events. Recapitulation during sleep
suggests that synaptic modulation occurs during sleep, mainly
in afferent hippocampal neurons or in cortical neurons, as the
hippocampus has little connectivity between its own pyramidal
cells. Furthermore, a subsequent study by Skaggs & McNaughton
(1996) found that the correlated activity showed the same temporal
pattern during sleep as during the behavioral task.
In a series of experiments using microelectrode arrays to
record single-cell activity from different neurons across the CA1
region of the hippocampus, Louie and Wilson (2001) and Lee
and Wilson (2002) demonstrate that the timescale of replay of
spatial activity structure differs between SWS and REM. Louie
and Wilson (2001) investigated replay of a task sequence (RUN)
during postbehavioral REM (POST), finding that replay was
observed on a timescale similar to that of the original activity.
However, because the task was administered over several days,
RUN sequences were also seen in prebehavioral sleep (PRE).
The study also utilized different activity sequences (RUN*) to
ensure that these novel sequences were not present in PRE, which

Changes in brain activity and
physiology during sleep
Replay during sleep
It is likely that changes in memory representation in the brain
during sleep involve some aspect of neuronal firing and synaptic
changes due to learning during sleep. Such a conclusion is a result
of observations of either electrical activity of individual or small
groups of neurons or measurement of whole-brain activity using
an EEG. Research investigating electrical activity of neurons
during sleep has revealed that memories are consolidated, at
least in part, through a process of reactivating neurons that were
activated earlier during the day (Wilson et al., 1994). Because of
the important role of the hippocampus in learning, this structure
has been the focus of a significant amount of this type of research.
It has been established that firing rate of different hippocampal
neurons depends on their location in space, among other variables
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in the parietal lobe, suggesting that it occurred in the cortex.
Additionally, this increase in SWA after the no-rotation task
declined over time, suggesting a homeostatic aspect of SWA in
relation to learning experiences. Several studies interpret this
increase in SWA as a result in synaptic saturation and that its
role is to increase synaptic plasticity (see Tononi & Cirelli, 2006
for review), rather than as a mechanism through which memory
consolidation occurs. These two concepts, though difficult to
reconcile, will be discussed in the following sections.

Evidence for Memory
Consolidation during SWA
Hippocampal sharp-wave ripple (SPW-R) activity, massive
excitatory activity from CA3 with superimposed ~ 200 Hz
oscillations (reflective of cortical activity) during SWA, has
provided evidence for a proposed mechanisms in memory
consolidation. In one study, a cognitive word recall task was
employed just before sleep as well as after waking from sleep in
humans (Gais, et. al, 2002). In this task, a list of paired words
were presented and subjects were asked to visualize a relation
between the two otherwise unrelated words. For recall, one word
was presented and its pair was requested. During sleep, EEG
recordings displayed an increase in sleep spindle density compared
to controls. This increased sleep spindle density reflects increased
excitatory active from CA3, followed by oscillations in the cortex
(Sutherland & McNaughton, 2000). This indicates that postlearning sleep involves the consolidation of information held in
the hippocampus during wakefulness into the cortex with the use
of hippocampal reactivation and sleep spindles.
Furthermore, Behrens et al (2005) sought to determine if
increased synaptic plasticity (a neural correlate of learning) by
itself can cause altered sleep patterns, particularly an increase
in SPW-Rs. To do this, a technique that induced LTP in the
CA3 region of the hippocampus was employed. This technique
involved repeated application of high frequency stimulation
(HFS) trains that included three groups of 40 pulses at 100 Hz
with a 40-s interval in CA1. This was repeated up to 15 times
every 5 minutes and successfully induced LTP. This induction
of LTP resulted in the generation of SPW-Rs in areas CA3 and
CA1 of the hippocampus and was reversed with low frequency
stimulation (LFS) that induced LTD. Thus, learning-induced
synaptic potentiation is associated with the generation of SPWRs and potentially with memory consolidation.
These studies are contingent upon the fact that SPW-Rs
reflect the transfer of information from the hippocampus to the
neocortex. However, there is some evidence investigating the

Figure 5.
they were not. Interestingly, however, RUN, rather than RUN*
sequences were present in POST, suggesting that REM replay
could play a role in long-term storage of memory. Lee and Wilson
(2002) used similar recording methods during SWS. During SWS
replay, RUN* sequences, rather than RUN sequences were found
in postbehavioral sleep, indicating rapid learning of these events
involving the hippocampus. In addition, the replay occurred
within a compressed timescale. These studies provide evidence for
diverging functions of REM and SWS in memory consolidation
through replay during sleep, but finger slow wave activity (SWA)
as having a role in hippocampal modification of neocortical target
structures in the brain for long-term storage of information.
SWA has become the focus of numerous studies investigating
learning and changes in electrical and EEG patterns during sleep.
Huber et al. (2004) utilized a rotation adaptation task as an
implicit learning paradigm to investigate regulation of sleep in
localized areas of the brain. This task, which requires subjects to
reach for visual targets (a colored dot) using a handheld cursor,
varied the rotational positions of the cursor, thus changing the
perceived cursor trajectory. On two different nights one week
apart, subjects performed this task before going to bed. The norotation and rotation version of the task was balanced between
nights. Upon completion of the task, subjects’ sleep was monitored
for two hours (to allow for subjects to have less disturbed sleep as
EEGs may cause discomfort). On nights when subjects performed
the rotation version of the task, there was a local increase in SWA
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may actually inhibit LTP to promote a state in which synaptic
weights can be decreased.
Further proof for the sleep homeostasis model comes from
experiments that show that a lack of learning is associated with
decreases in certain aspects of sleep. Huber et al (2006) utilized
a 12-hour arm immobilization procedure on 15 male human
subjects that leads to local synaptic depression in sensorimotor
areas. In the morning, the subjects’ non-dominant arm was
immobilized in a sling with the wrist and hand bandaged. Among
other things, EEG recordings were taken overnight following
the arm immobilization in addition to either a week before or
after the arm immobilization. Subjects experienced a reduction
in local SWA during post-immobilization sleep. Furthermore,
sensorimotor evoked potentials (SEPs) were measured before
and after arm immobilization by electrically stimulating the right
and left wrist. Then, the cortical evoked potential was recorded
using a scalp electrode system. The evoked potential for the

Figure 6.
timing of the action potential that has revealed that neocortical
spikes actually appear about 50 ms before the ripples in the
hippocampus (Axmacher, 2009). Unfortunately, due to the
structure of the human brain, studies on hippocampal activity
are rare because of its deep location, and it would be necessary to
implant intracranial electrodes to perform such a study. That the
neocortex and hippocampus interact closely during sleep is clear,
but without clear evidence for a transfer of information from the
hippocampus to the neocortex, the memory consolidation theory
cannot be rationalized.
Figure 7.

Evidence supporting the sleep
homeostasis theory

immobilized arm had decreased in reaction time and amplitude
in comparison to the non-immobilized arm. This change suggests
that plastic changes occurred due to the arm immobilization
and that these changes are likely due to synaptic depression. It
is possible, therefore, that these plastic changes were caused by
LTD. In turn, LTD may have been responsible for the decreased
SWA during sleep following arm immobilization because there
was no great need to reduce synaptic weights. Such a finding
indicates that sleep is in fact a homeostatic mechanism that seeks
to maintain a certain level of synaptic plasticity.
It has been postulated that during the waking state, synaptic
plasticity allows for synaptic potentiation between the cerebral
cortex and other brain regions (Tononi & Cirelli, 2006). During

It is counterintuitive to think that LTP could occur during
SWS if synaptic downscaling, which would require LTD, occurs
simultaneously. In fact, there is some evidence for a lack of LTP
that contradicts the findings of Behrens et al. (2005). Colgin et
al. (2004) demonstrated that long-term potentiation is impaired
in rat hippocampal slices that produce spontaneous sharp waves.
To do this, they used rat hippocampal slices that spontaneously
produced SPW-Rs and induced LTP. To do this, 4 pulses of 3-100
Hz bursts were delivered to the hippocampal slices to simulate
theta rhythm. In 3 of 7 slices, LTP was completely inhibited and
in the other 4 slices, LTP was lower than normal. Thus, SPW-Rs
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sleep, synaptic connections are downscaled to allow for future
learning, as shown in Figures 6 and 7 (ibid). To understand the
underlying causes for these events, Cirelli et al. (2004) used
microarray analysis to determine the gene expression in the cerebral
cortex of spontaneously awake, sleep deprived, and sleeping rats.
Using the three different conditions allowed isolation of changes
in gene expression between awake and sleeping instead of natural
circadian changes. They found that some genes were selectively
expressed during wakefulness and sleep in the cortex as well as
in the cerebellum, indicating even in the absence of EEG signs
of sleep, there may be other cellular functions associated with
sleep that occur. A review of important functional genes and their
expression patterns can be seen in Figure 8. Most importantly,
spontaneous wakefulness was associated with molecular changes
related to LTP. During sleep, the expression of LTP-related genes
is decreased and the expression of LTD-related genes increased.
In addition, expression of genes relating to energy metabolism
increased during wakefulness, suggesting that increased synaptic
strength is associated with energy consumption, although the
two may not be correlated.
Vyazovskiy et al. (2008) explored the hypothesis that wakefulness
was actually associated with synaptic plasticity and sleep with
downscaling by combining molecular and electrophysiological

approaches. They established a mechanism for LTP and LTD
in rats that involved AMPA receptors (AMPARs), which, when
delivered to synapses, are associated with LTP, and when removed
are associated with LTD. Then, they assigned the rats to sleep and
wake groups based whether they spent >75% of the first 6 hours of
the dark period awake or asleep. They measured protein levels of
a certain component of the AMAR, GluR1, in total homogenates
and in cortical synaptoneurosomes. Synaptoneurosomes are made
in a cellular preparation that includes both pre-and post-synaptic
entities. Rats in the wake group had a significantly more GluR1
in cortical synaptoneurosomes than rats in the sleep group. In
addition, there was no difference in GluR1 levels between the
two groups in total homogenates. The increase in GluR1 during
wakefulness again demonstrates the prevalence of LTP during
wakefulness.
To test directly whether or not synaptic strength was altered as a
result of LTP and LTD during wakefulness and sleep, intracortical
local field potential (LFP) electrodes were to measure LFP
responses after electrical stimulation. After electrical stimulation,
the slope of an LFP reflects the strength of the synapses of that
population. In rats that had remained spontaneously awake for 3-4
hours, the cortical response slope had increased over the waking
period, indicative of synaptic strength that may have resulted from
LTP that occurred during waking behavior. In rats that slept for
3-4 hours, the cortical response slope decreased during the sleeping
period. This is indicative of decreased synaptic strength that may
have resulted from LTD. By establishing that LTP occurs during
wakefulness LTD during sleep and that these changes are directly
related to increased and decreased synaptic strength, respectively,
Vyazovskiy et al. (2008) provide very convincing evidence for sleep
as a homeostatic mechanism that maintains synaptic plasticity.

Discussion
Given the empirical evidence that some, if not several, aspects
of sleep promote learning, one can now understand why it is
a universal characteristic of mammal behavior. Even flies have
demonstrated short sleeping periods. That different kinds of sleep,
SWS and REM, have diverging functions and affect different
kinds of the brain is of interest, although the processes of REM
that result in the enhancement of procedural memory were not
investigated in this paper. Here, significant evidence has shown
that SWS is a process that, although not necessary to learning,
greatly improves it. The intuitive answer would be that some form
of memory processing, most likely in the form of consolidation,
occurs during this period. Indeed, there is evidence that supports
this notion. Replay of a previous day’s events during SWS and
increased communication between the hippocampus, where

Figure 8.
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memories are transiently stored, and the cortex, where memories
are temporarily stored. However, this model must be adapted
in the face of compelling evidence for sleep as a homeostatic
model. The homeostatic mechanism described in this model
is that during learning, LTP strengthens connections between
neurons in the hippocampus and that during SWS, LTD results
in the downscaling of synapses so that future learning can occur.
This downscaling may result in an improved “signal to noise”
ratio of cortical information, such that weaker synapses serve as
interfering “noise.” If a synapse is very weak, it will be silenced
and only strongly potentiated synapses will remain. This may
also explain improved performance on memory tasks after SWS.
These two models of learning after sleep are mutually exclusive,
as memory consolidation requires that LTP takes place during
SWS, which would be impossible if the function of SWS were
to downscale synapses. However, perhaps future research may be
able to explain the co-existence of the two.

h (learning phase). After learning, a 3-hr retention interval
filled with sleep or wakefulness occurred. At 0215 h, that is,
15 min after the retention interval, recall performance was
tested. When the retention interval was placed into the late
night, all subjects slept between 2300 and 0200 h. Fifteen
minutes after awakening, the learning tasks were presented.
The retention interval lasted from 0300 to 0600 h. Fifteen
minutes later, performance on recall was tested between
0615 and0700 h.
Figure 3. Study Design (from Gais et al., 2006).
Schematic of the experimental design. Timing of the four
conditions of the first experiment (A) and the two conditions
of the second experiment (B). Subjects participated in all
conditions of one experiment according to a within-subject
design. (LR) Learning, (R) recall test, (SD) sleep deprivation.
Shaded areas represent nighttime intervals.
Figure 4. Absolute number of words correctly remembered
at testing rirectly after learning and at retesting after the
retention interval (from Gais et al., 2006).
Figure 5. Two-stage theory of memory consolidation. (From
Axmacher et al., 2009).
Top during initial encoding, novel information is processed in the
sensory neocortex and relayed to the hippocampus, where
it is transiently stored. Bottom during consolidation, the
neocortex receives information from the hippocampus, there
it is permanently stored.
Figure 6. The two-process model of synaptic plasticity (from
Tononi & Cirelli, 2006).
Figure 7. The Synaptic Homeostasis Hypothesis.
Figure 8. Gene Expression Across Sleep and Wakefulness. (From
Cirelli & Gutierrez, 2004).
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Appendix
Figure 1. An EEG recording of the stages of sleep. (Horne, 1988)
Figure 2. Study Design (from Plihal & Born, 199)
Study design. Both, the experimental sleep group and the wake
control group were tested on two experimental nights (Night
A and Night B), with the order of nights balanced across
subjects. When the retention interval was placed into the
early night, the tasks (CR, cued recall, was not discussed in
the current paper) were presented between 2215 and 2300
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Interview with Dr. Nadia Ayoub, Assistant Professor of Biology
Written Grace Wang ’10; Co-editor; Biology Major; Richmond, Virginia

Professor Nadia Ayoub was born in Atlanta, Georgia to a
So far, what do you enjoy about W&L and Lexington?
Lebanese father and American mother. She attended the University
I love walking to campus everyday to drop off my kid. Everything
of Georgia where she majored in Ecology and graduated with
is so convenient. And there’s a great coffee shop – what more can you
honors. As an undergraduate, she researched parasitoid wasps,
ask for? My favorite part of W&L? The students and faculty. I enjoy
which awakened her interest in arthropods. After graduating,
the freedom to develop a lab that is based off of my own research
Professor Ayoub worked as a lab technician for a year in UGA’s
interests instead of a “generic” genetics class where you count peas
veterinary school where she developed her proficiency in molecular
and genotype Drosophila. It is intensive and hands-on.
methods. She obtained her doctorate from the University of
Tennessee at Knoxville in Ecology and Evolutionary Biology,
Can you tell us about your research and its practical applications?
where she researched funnel-web spiders of the Southwestern
I am working to discover silk genes in genomes. I focus on black
United States. She then completed her post-doctorate work at the
widows, which are closely related to orb weavers, which account
University of California at Riverside, where
for 10,000 species and one-fourth of the
she collaborated with Cheryl Hayashi “...teacher and student interactions known diversity of spiders. There are seven
are important to me...”
on discovery of silk-producing genes
types of silk, which are composed of different
in the genome. In her current research,
proteins. Drag-line silk, for example, prevents
Professor Ayoub continues to unravel the genetics of spider silk
catastrophic falls of the spiders. The width of these silks is only a
production, investigating how other molecules, such as chaperones
micron, but incredibly strong. It is the strongest known biological
and transcription factors, are implicated in the silk production
material. It is made of 2 proteins, the major ampulate spidroin 1
mechanism.
and 2. Another silk, made of the protein aciniform spidroin, is used
to wrap prey, and this is the toughest silk.
What attracted you to W&L Biology?
It would be great if we could make these fibers in mass quantities.
I was looking for jobs where I could teach evolution and genetics. The problem is that spiders are predatory and cannibalistic. We cannot
I didn’t want a “Research 1” school; teacher and student interactions
farm them the way we farm silk worms. The energy to farm spiders
are important to me. I also wanted to come back to the Southeast!
would not be cost-effective. So we would like to describe the genes
and put them into plant, goat, or bacteria.
What courses have you taught this year at W&L? Which is your
My post-doc work involved describing the complete spider silk
favorite? What has been the most challenging aspect?
genes, which are 7,000 to 12,000 base pairs long. The proteins are
This semester, I am teaching Genetics Lecture and Lab (Biology
large, and this partially contributes to the strength. MaSp 1 and 2
220 and 221). Last semester, I taught Evolution (Biology 340).
are about 10,000 base pairs long, and AcSp is 20,000 base pairs long.
The most challenging aspect is the amount of time it takes to prepare
My research right now involves finding other molecules, such
for one lecture. Also, because of the nature of genetics, I constantly
as chaperones and transcription factors that may up-regulate the
need to learn new material.
production of spider silk.
Practical applications could include fine sutures, lightweight body
armor, and artificial ligaments and tendons.
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Interview with Dr. Erich Uffelman
Written by Ross Isbell, Editor

◊ 1984 B.S., magna cum laude, Chemistry, Bucknell University
◊ 1991 Ph.D., NSF Predoctoral Fellow, Chemistry, California
Institute of Technology, Professor Terrence J. Collins
◊ 1993-1999 Assistant Professor of Chemistry, Washington and
Lee University
◊ 1999-2008 Associate Professor of Chemistry, Washington and
Lee University
◊ 2008-Present Professor of Chemistry, Washington and Lee
University

How long have you been teaching?
I was a TA from my sophomore year of undergraduate until I
graduated. Then, my 1st job was here at W&L beginning in August
1993 and I’ve never left.

What are your current research interests?
I am a synthetic inorganic chemist. My research group makes
organic ring structures called macrocycles and we insert transition
metal ions into them. By inserting and controlling the reactivity of
these organic and inorganic ions, we can cause the central ions to do
What or who first caused your interest in chemistry?
specific chemistry. We are specifically interested in high oxidation state
When I was about seven years old, the space program and Neil
complexes like iron which can catalyze and activate hydrogen peroxide.
Armstrong landing on the moon had just happened, so science was
Our goal is to replace oxidizing agents that harm the environment
exciting for that reason. Also
by converting them and replacing
that year, my family had just
them with hydrogen peroxide.
When I was about seven years old, the
moved from Kansas to Mansfield,
But, without extreme catalysis,
space program and Neil Armstrong landing
Pennsylvania and I was not very
hydrogen peroxide will not go
on the moon had just happened, so
happy about the move. To try and
through that chemical change.
science was exciting for that reason.
cheer me up my dad suggested we
So, we are trying to expand the
go fly a kite. I’m not sure if they are around anymore, but there used
fundamental chemistry and Green Chemistry applications of ironto be a company called “Wham-O” that made all kinds of fad toys
catalyzed oxidation reactions by engineering macrocycles that will
and they made this inflatable kite that my dad bought for us to go
catalyze that type of reaction and help clean up the environment.
out and try. Now, it goes without saying that there is a lot less wind
This research program has, to date, involved forty-two different
in Pennsylvania than in Kansas, and of course our kite didn’t fly.
undergraduates, who gain experience in various NMR techniques, IR
So, when we went back to the apartment I was sadder than before.
spectroscopy, inert atmosphere synthetic methods, and organic and
My neighbor across the hall happened to be a chemist and when I
inorganic synthesis. Sixteen of these students have done more than
told him what had happened, he immediately said “I know what to
one summer of research in the group.
do, lets go to my lab.” So, we went to his lab and pushed all the air
I am also active in analyzing and studying the chemical makeup
out of the kite, and filled it with helium. Obviously the kite when
of 17th century Dutch paintings.
straight up in the air and after that, he was my hero. I actually got
to take his intro chem class, which he taught at the college where my
dad worked, while I was in high school and he was the best teacher
I ever had. We’re still great friends today.
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• Boom-mounted
»» can spin around its anchor to view things that cannot
be place directly below the main viewing space
»» can not only view things directly below, but can
rotate so that it can view things horizontally, on
the wall
◊ Portable x-ray fluorescent spectrometer
• the size of a power screwdriver and looks similar
• low power x-rays are emitted that are safe, but just in
case there is also a tripod and a remote trigger that enable
activation from a distance
• how it works
»» x-ray hits molecules and knocks out electrons from
high energy orbitals near the core/nucleus
»» electrons from outer orbitals fall into the lower, high
energy orbitals and emit fluorescence
»» since each element emits fluorescence at a specific
wavelength, the element that is being aimed at can
be identified by a sensor in the spectrometer
◊ digital infared camera
• a normal infared camera that you get at WalMart uses
standard semiconductors and has a viewing capability
that ends at around 900 or 1000nm
• this camera uses indium gallium arsenide semiconductors
that enable it to view up to 1900nm

Tell me about your Dutch Painting class
The class is called “Technical examination of 17th century Dutch
Paintings” and I’ve been teaching it since 1999. Since 2005, I’ve
been taking the class to the Netherlands. But, before we go abroad,
the students need to get accustomed to the material so we learn about
thousands of paintings as well as the chemistry that is relevant to
studying them. I present them with loads of information, probably
more than they are able to absorb, but then once we’re abroad, they
have a great understanding of every aspect of the art. While abroad,
we attend lectures from art experts and experts in art conservation,
we visit conservation labs and art museums, and the students get to
experience the art first-hand.
What have you been doing to improve the Dutch art course and
the study of art at W&L?
I’ve been involved with the National Science Foundation’s Summer
Art Workshop for educators, which W&L hosted in 2008, for about
10 years. Along with Patricia Hill at Millersville University, Michael
Henchman at Brandeis University, and Pat Michael at Boston College
I help to organize a week-long, full immersion session each summer.
Generally, 20 to 25 faculty members from universities across the
nation attend and spend the time learning how to teach a course like
the one I offer at their respective universities.
To move us towards having a more interesting and more accessible
scientific study of art more non-science majors, and to enable the
study of W&L’s large collections, we have recently received a grant
to purchase new equipment. There are three main tools that we will
use for this:
◊ Digital stereomicroscope with a 12.8 megapixel camera and
180x magnification
• Digital magnification enables much higher resolutions
than 180x

My goal with the class is to have about half science-major
students and about half humanities students and to allow their
unique experiences and expertise to enable them both to learn
about art from the other’s viewpoint. That is the essence of a
liberal arts education.
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Chemobrain and the Psychology of Cancer
Morgan Jones ’10

I. Introduction

when they should and continue to replicate unchecked; due to
this unnecessary replication, a mass of these cells may accumulate.
Such a mass is called a tumor. Tumors comprised of cancer cells
are referred to as malignant; malignant tumors have the ability
to spread throughout the body and infect other tissues, a process
known as metastasis (National Cancer Institute, 2010a).

Characteristics of Cancer

Cancer is the general term for a class of over one hundred types
of diseases that result from abnormal cells that divide without
any regulation or any limit. Nearly 1.5 million new cases of
cancer were diagnosed and over 500,000 cancer-related deaths
estimated in the United States in 2009; tremendous numbers of
Cancer Causes and Risk Factors
lives have been affected by cancer in some way (National Cancer
Cancer is caused by some mutation in an individual’s
Institute, 2010a). One half of American men and one third of
DNA that affects cell growth and replication cycles, but these
American women will be diagnosed with some sort of cancer at
mutations can arise in various ways. Some behaviors—such as
some point in their lifetime, while one in four American men and
using tobacco products, excessive alcohol consumption, poor
one in five American women will die from a cancer (American
nutrition, consumption of processed or high-fat foods, and
Cancer Society, 2010a). In 2006, the most recent year for such
physical inactivity—can cause certain types of cancer. Exposure
estimates, there were over 11 million individuals in America living
to certain types of radiation, whether in the visible spectrum
with some form of cancer (American
(sunlight) or x-rays, can also
Cancer Society, 2010b). There are
cause cancer. Additionally, certain
There are three major treatment
five main categories of cancers:
infectious diseases, like human
options for cancer: chemotherapy,
carcinomas, sarcomas, leukemia,
immunodeficiency virus and human
radiation, and surgery.
lymphomas and myelomas, and
papilloma virus, can lead to the
central nervous system cancers. These categories are defined by
development of specific cancers (American Cancer Society, 2010c).
the types of tissues where the cancer cells originate: carcinoma
Finally, DNA abnormalities that can cause cancer can be inherited
originates in endothelial cells, sarcoma in connective or supportive
from an individual’s parents. One such gene that has recently been
tissues (such as bone, blood vessels, fat, or cartilage), leukemia
the topic of much discussion among the non-scientific community
starts in tissues involved in blood formation, lymphoma and
is the BRCA gene, which increases one’s chances of developing
myeloma from cells of the immune system, and central nervous
breast cancer. Risk factors for developing cancer encompass all
system cancers begin in either the spinal cord or brain (National
of these causes. Engaging in behavior known to cause cancer,
Cancer Institute, 2010a). As previously stated, all of these cancers
exposure to sources of radiation, exposure to infectious diseases
stem from a problem in the regulation of cell replication. Cancer
that can lead to cancer, and having parents or relatives with certain
cells have mutated DNA that impairs their ability to properly
types of cancer or certain genes are all risk factors for cancer
grow, replicate, and die. These out-of-control cells do not die
(American Cancer Society, 2010d).
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Traditional Cancer Treatment Options

technique uses extremely cold temperatures, produced by liquid
nitrogen or argon gas, to destroy cancer cells by freezing them
past the point at which they can recover. Cryosurgery, as well
as other surgical techniques, may be used on either external or
internal tumors. More so than either chemotherapy or radiation,
surgery allows physicians to target the cancerous cells specifically
and avoid damaging healthy cells as much as possible (National
Cancer Institute, 2010d).
Although not one of the three major cancer treatments, bone
marrow transplants (BMT) are also used in a large number of
cancer cases. Bone marrow transplants involve the transfer of
hematopoietic stem cells—stem cells that will eventually mature
into blood cells—from a donor to the patient or from one part of
the patient’s body to another. BMTs are used when a patient’s bone
marrow has been destroyed by chemotherapy and/or radiation.
With loss of bone marrow, the patient’s ability to produce new
blood cells—white, red, and platelets, all of which are necessary
to good health—is lessened and their health is increasingly
compromised. BMTs allow a patient to regain hematopoietic
stem cells lost during treatment, and thus regain the ability to
make their own blood cells. Bone marrow transplants are classified
in two main ways: autologous and allogeneic. Autologous bone
marrow transplants are when patients received their own stem cells
that were harvested prior to treatment. Allogeneic bone marrow
transplants involve the donation of hematopoietic stem cells from
another person. A more specific type of allogeneic transplant is
a syngeneic transplant, in which the patient receives stem cells
from his or her identical twin (National Cancer Institute, 2010e).
Side effects of these traditional cancer treatments include
nausea, vomiting, hair loss, fatigue, feeling weak, loss of appetite,
dermatological reactions, anemia, decreased immune function,
and general pain. These side effects may only be temporary and
may stop when treatment is ended or may persist after treatment
for months or years (National Cancer Institute, 2010b-e).

There are three major treatment options for cancer:
chemotherapy, radiation, and surgery. These treatments may be
used alone or in conjunction with one another, depending on the
type and stage of the cancer. Also, the type of treatment selected
can be influence by the goal it is intended to achieve—cancer cure,
reduction or control of the cancer, or palliative care (American
Cancer Society, 2010e).
Chemotherapy is a system of therapy for cancer in which drugs
are used to kill cancer cells and to slow or stop their unrestricted
growth. Depending on the type and stage of cancer, chemo can
be used to achieve any of the three treatment goals—it can cure
cancer, control or maintain cancer, or be used as a palliative care
technique. Chemotherapy can be administered in several different
ways. It may be injected into patient’s soft tissue (like the muscle or
sub-dermal fat), taken as an oral medication, or rubbed into skin
as a cream. Chemotherapeutic agents can also be introduced into
the patient’s body by injection into a vein, injection directly into
the peritoneal cavity, or injection into an artery that supplies the
cancerous tumor with blood (National Cancer Institute, 2010b).
Chemotherapy is widely used to treat cancer and is recognized by
the general public as a well-established treatment.
Another major type of cancer therapy is radiation. Radiation
therapy uses radiation energy to target and kill cancer cells. It does
so by delivering so much radiation to the cells that the DNA is
irreparably damaged and the cell can no longer grow and divide.
The extreme amounts of energy administered kill the cancer cells
and shrink the tumor. Like chemotherapy, this radiation can
be used to cure cancer, cancer maintenance or reduction, or as
palliative care. Additionally, radiation therapy can be used as a
prophylactic technique to prevent cancer from appearing in a
body part that is presently cancer-free. Radiation therapy can be
administered to the patient from an external source or internally
by an implant surgically placed near the tumor site. External
radiation therapy uses sources of electromagnetic radiation, like
x-rays or gamma rays, or subatomic particles, like electrons or
protons, to alter the cancer cells’ DNA and ultimately destroy the
cells. Internal radiation therapy uses radioactive isotopes of certain
elements, like iodine or strontium, as the source of radioactivity
to kill cells (National Cancer Institute, 2010c).
The third major type of treatment for cancer is surgery.
Surgery may be done in a more traditional sense, where part
of the entirety of a tumor is removed in an effort to get rid of
the cancer. However, new types of surgery are also emerging as
frequently used treatments. One such surgery is cryosurgery. This

Other Therapeutic Options
While the traditional treatments described above are the
standards for cancer care, other treatment options are available
to patients are widely used. These treatments fall into two main
categories: complementary and alternative. Complementary
methods are treatments used to supplement traditional medical
techniques, while alternative therapies are used instead of these
methods to treat cancer (American Cancer Society, 2010f ). Health
professionals group these non-traditional therapies into five
categories: whole medical systems, energy medicine, manipulative
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and body-based practices, biologically based methods, and mindbody medicine. Whole medical systems are methods that come
from predominantly non-Western culture and emphasize the
importance of balance of body, mental status, and spiritual health;
these beliefs espouse the view that the body can be stimulated
to heal itself if the proper balances are restored to an individual.
Examples of such therapy include Indian Ayurvedic medicine and
traditional Chinese medical beliefs. Energy therapies are based on
the belief that natural energy fields of the body can be manipulated
to heal an individual, either through that own individual’s actions
or by a therapist changing these fields. Manipulative bodybased techniques, like massage or reflexology, use the purported
connections between parts of the body to stimulate healing. Those
who use biologically based practices use changes in nutrition and
diet in an effort to help their disease. In such a system, certain
foods, vitamins or specialized diets are believed to have healing or
preventative properties. The fifth type of non-traditional therapy
is the field of mind-body medicines, which functions on the
assumption that one’s thinking and mental health can change
one’s physical health (National Cancer Institute, 2010f ).
Previously dismissed with other new-age medical practices that
have no scientific evidence, psycho-oncology has been studied
increasingly intensely since the 1980s (Redd et al., 2001). This
realm of therapy has been studied in numerous clinical trials and
results have indicated that a patient’s psychology does have an effect
on their disease. Additionally, psychotherapeutic or behavioral
therapy techniques have been shown to have a significant ability to
reduce the side effects of traditional treatments. These results, along
with increasing research and knowledge about the psychological
and cognitive functioning of a post-treatment cancer patient,
suggest that recognizing the connection between psychology and
oncology will continue to be essential in cancer treatment, from
prevention to post-treatment care. As research continues, it is
becoming clear that maintaining a positive, determined outlook
is important in achieving both physical and psychological health
after cancer.

their disease realistically and who have decided to live often survive
their cancer far past the point traditional medicine would predict
possible. Conversely, patients who should survive their disease
but emotionally and mentally give in to the cancer often die far
before they should (Siegel 1986).

Psychological Risk Factors
Dr. Siegel also presents a psychological profile of individuals
who are more likely to develop cancer. In addition to physical and
behavioral risk factors (like genetics or smoking), he found that
certain psychological traits predisposed individuals to developing
cancer. One such trait is the inability to say “no” to others, putting
the needs of everyone else before one’s own, and holding in
one’s own struggles. This neglect of self may also manifest in a
conscious effort to limit one’s accomplishments (Siegel 1986).
Another trait common to those who develop cancer is a feeling
of isolation from others and lack of any meaningful emotion
connections to others. While an individual may appear to have
normal, healthy relationships, he or she has poor self-image and
such relationships are only maintained in an effort to extinguish
feelings of loneliness, not because of any real emotion connection
(Siegel 91-92). Furthermore, such an individual only “gives” in
a relationship in order to receive love. If this return of emotion
and attention stops, the individual is even more likely to develop
disease: “Cancer might be called the disease of the nice people.
…They are conditional lovers.…If their giving is not rewarded,
they are more vulnerable to illness than ever” (Siegel 1986).
Other mental health traits that seem to predispose individuals
to developing cancer are recent emotional loss and hopelessness.
One study by Dr. Caroline Thomas of Johns Hopkins University,
conducted in 1946, found that psychological predictors of cancer
mirror those of suicide (Siegel 1986). Though this study is over half
a century old, its implications are still relevant in today’s society.

Attitudes During Treatment
Siegel also found behavioral attributes that, when exhibited
during cancer treatment, serve as predictors for a patient’s success
or failure in beating the disease. Basically, his experience dealing
with cancer patients is this: those who choose to live often do,
despite diagnoses that indicate a far earlier death. Those who
decide fighting what they think is a losing battle against the disease
is not worth their time and effort often die, even if they receive
a positive prognosis. Siegel illustrates these universal truths with
several amazing cases, two of which are described here. A patient
named Jonathan, who had previously beaten severe tuberculosis,
succumbed to cancer within two weeks, despite doctor’s assurances
that he had a good chance of survival (Siegel 1986). Siegel recounts

II. Psycho-oncology
Though the idea that one’s attitude affects physiological health
may seem to have no scientific or medical support, increasing
amounts of evidence are emerging to suggest that this scenario is
a reality of medical care. A large body of this evidence has been
collected and publicized by Dr. Bernie Siegel, a retired surgeon and
Assistant Clinical Professor of Surgery at Yale. Dr. Siegel’s books
Love, Medicine & Miracles focuses on the amazing connection
he found between patients’ psychology and their cancer outcomes.
His overall message is this: patients who have decided to confront
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another experience with a patient to illustrate the other end
of the spectrum—how powerful positivity can be. Phyllis, a
pancreatic cancer patient, had stopped responding to treatments
and was told by her physicians that she would die within months.
Several months later, she was still alive and returned to her doctor.
Knowing of Siegel’s interest, the physician introduced him to
Phyllis who explained her incredible survival this way: “I decided
to live to be a hundred and leave my troubles to God” (Siegel 1986).
However, people can deceive those around them, pretending to
be determined and positive when really they have already given
up. Siegel found a way to tap into his patients’ subconscious to
see what their true feelings were about their disease and their
prognosis: getting them to draw pictures. Surprisingly, he also
found that such pictures can indicate a recurrence or remission
before it is medically detectable, suggesting that the patient’s
subconscious mind is aware of changes in physiology before
they are even noticeable to physicians (Siegel 1986). In addition
to having an effect on one’s physical health, studies have shown
that attitude during cancer therapy is a predictor of how well an
individual will recover psychologically following treatment. A
2001 study found that “…the ability to maintain these beliefs
[about the purpose and coherence of life], despite the event [cancer
diagnosis and treatment], may contribute to successful adjustment
after the event…” (Vickberg et al., 2001).

management, a therapy primarily focused on pediatric patients
that uses rewards as a means to increase patients’ adherence to
treatment plans. This sort of therapy is not used on its own, but
is used in conjunction with other psychological treatments to
increase patients’ adherence to them and, thus, their success.
Cognitive or attentional distraction is a method that distracts the
patient from painful procedures or nausea by involving them in
mentally engaging activities during or after procedures. In theory,
the patient becomes so absorbed in whatever task is presented to
them that any unpleasantness goes unnoticed. The positive effects
of such treatment only last as long as the patient is focused on the
outside stimuli. Hypnosis and distracting imaging train the patient
to concentrate on situations not associated with the treatment in
any way so the patient experiences minimal emotional distress,
pain, or nausea. Systematic desensitization works to eliminate
a patient’s negative reaction to some therapeutic technique by
gradually introducing whatever induces fear. This technique builds
up from mere suggestion of the feared event to confrontation of
the actual stressor; as exposure builds, patients experience less
distress when confronted with the stimulus and is able to better
tolerate treatments (Redd et al., 2001).
A fifth behavioral technique, emotive imagery is very similar
to hypnosis and distracting imagery. However, instead of focusing
one’s mind on abstract thoughts or situations away from the
present, the patient is actively engaged in telling a fictional story,
keeping their minds and imaginations occupied. This technique
is most often used with pediatric cancer patients. Relaxation
training teaches patients how to achieve an extremely tranquil
mental state when confronted with anxiety- or pain-inducing
stimuli in the treatment setting; this behavioral technique is much
like meditation in that it uses peace of mind to reduce physical
concerns. Cognitive restructuring is a behavioral modification
technique that attempts to redefine patients’ ideas about treatment
that may be increasing their treatment-related distress. Finally,
modeling is a technique wherein patients watch other cancer
patients successfully deal with painful or anxiety-inducing
procedures with behavioral techniques so that they feel they can
achieve such management as well. Control of nausea, vomiting,
anxiety, treatment-related distress, and pain have all been studied;
all of these adverse side effects of traditional treatments have
been successfully controlled with behavioral therapies (Redd et
al., 2001).

Psychotherapy as Treatment
In addition to being a fairly accurate indicator of physical
health and cancer outcomes, psychology can also be useful as part
of cancer treatment. An obvious application of psychotherapy
would be its inclusion as part of routine cancer treatment to better
patients’ attitudes and psychological health. This could lead to
both better physical and psychological health of patients during
and after treatment. One study found that increased distress
about one’s cancer leads to poorer immune function following
surgery as well as increased general distress, anxiety, depression,
and decreased general quality of life (Jim et al., 2007). Another
study’s results indicated that cancer patients participating in group
therapy had significantly lower levels of mental distress following
treatment when compared to patients who did not participate
in any psychological group therapy (Manne and Andrykowski,
2006). Both of these studies clearly highlight the importance
of psychological therapy as part of a standard cancer treatment
regimen in order to bolster both physiological and mental health.
Currently, though, psychological therapy is primarily used as
part of cancer therapy to treat side effects of traditional treatments
like chemotherapy and radiation. There are eight main types of
behavioral therapy used to treat cancer. The first is contingency

Post-Treatment Psychological Effects
A patients’ psychological state is not only changed in order to
affect their disease outcome or to relieve unpleasant side-effects of
treatment. A patients’ psychology is also changed by the disease. A
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2007 study looked at emotional expression of breast cancer patients
as compared to similar, healthy women. The researchers studied
the women’s outward emotional behavior, as well as how they
report their own emotions to be and how well they can recognize
emotions in others. While not statistically significant, women in
the breast cancer group tended to display more negative emotions
than healthy women and described their emotion with fewer
words that signal emotional inhibition. These results suggest that
women who had experienced breast cancer were less emotionally
reserved than those who had not experienced cancer. This study
indicates that the events of and following cancer diagnosis have
the ability to change the way individuals emotionally understand
and express themselves, possibly by changing the way patients
experience emotion completely (Graves et al., 2005). Whether
this emotional change is positive or negative for the patient is not
yet completely clear and may be determined by the uniqueness
of each case.
Cancer treatment does not affect only the way individuals
express themselves but also the ways in which they view themselves
and think about their post-cancer lives. Research has found that
cancer patients who had undergone a hematopoietic stem cell
transplant had significantly different views about the state of
their lives than individuals with no cancer history. The group of
cancer survivors claimed to have a poorer quality of health than
both before their diagnosis and than other people their age. The
survivor group also reported more physical issues than the healthy
group did, spanning areas of concern such as sleep, sexuality,
pain frequency, and cognitive ability. Furthermore, survivors
of a hematopoietic stem cell transplant experience higher rates
of anxiety and depression and overall worse mental health than
individuals with no cancer past. Finally, cancer patients said that
their interpersonal skills had suffered, both on a social and an
intimate level (Andrykowski et al., 2005). Importantly, all the
reports of the survivor group are what they perceived to be true,
not scientific measurements of these various areas. This suggests
that even if stem cell transplant survivors do not actually have a
lower quality of life than healthy individuals, they believe that
they do. In such a situation, the reality is irrelevant. Either way,
the patients’ mental health and quality of life are compromised
due to their experience during cancer treatment.
Finally, fears of future occurrences in addition to perceived
present events change a patient’s psychology after cancer treatment.
The concerns of a cancer patient differ drastically from those of
a healthy member of society. Over 75% of patients who have
received a stem cell transplant as part of cancer treatment worry
about cancer recurrence, if they will ever get back to “normal” and
the way they were prior to diagnosis, and if their energy levels will

rebound from treatment. Additionally, over 60% of post-stem
cell transplant cancer patients report distress concerning their
physical appearance, their cognitive functioning abilities, and
sexual performance. These patients are also uneasy about problems
they are currently facing—depression, anxiety, sleep problems, and
difficulty maintaining an appetite—rather than recognizing these
symptoms as after-effects of a traumatic disease and procedure
(Andrykowski et al., 1999). In addition to actually experiencing
mental and emotional health changes, cancer patients are also
concerned about the possibility of what could happen to them.

III. Chemobrain
A cancer patient’s psychology changes in one final and very
significant way: cognitive functioning. This mental decline
following cancer treatment is known as “chemobrain.” Research
into this issue indicates that the fields of cognition most affected
are “visual and verbal memory, attention, and psychomotor
functioning” (Nelson et al., 2007). However, the effects of
chemobrain extend far beyond these areas of mental functioning.
Individuals who have undergone cancer treatment report that
chemobrain has impaired their ability to function, primarily in
social and professional settings.
The causes of this phenomenon are still not known. However,
the medical community is currently investigating several possible
sources of this mental impairment: “vascular injury and oxidative
damage, inflammation, direct injury to neurons, autoimmune
responses, chemotherapy-induced anemia, and the presence
of apolipoprotein E ε  4 (APOE ε  4) gene” (Nelson et al.,
2007). Most of these potential mechanisms for chemobrain are
hypothesized to work in the same way—by somehow impairing
neurons’ ability to function properly. They may do this in different
ways, such as causing oxygen deficit, neurotransmitter defects, or
actual insult to the neurons. Anemia has been shown to increase
risk of decreased cognitive functioning in Alzheimer’s patients.
Furthermore, anemia in cancer patients undergoing chemotherapy
has been shown to lead to poorer cognitive functioning. Finally,
the APOE ε 4 gene has been linked to higher chances for cognitive
impairment in the past. Carriers of this gene are more likely to
develop Alzheimer’s and to have neurological deficit following
some sort of major trauma, like brain or cardiac injury. Thus,
researchers have speculated that individuals who carry this gene
are more likely to develop chemobrain after chemotherapy than
those who do not (Nelson et al., 2007).
The severity and scope of chemobrain varies from patient
to patient. One study by van Dam et al. found that 17-32%
of women treated with chemotherapy (depending on dosage)
showed cognitive impairment, compared with only 9% of a
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healthy control group. A study by Schagen et al. showed similar
results for percentages of women affected and went even further
to find that the areas of cognitive function most impaired were
“attention, mental flexibility, speed of information processing,
visual memory, and motor function” (Nelson et al., 2007). In 2006,
Scherwath et al. showed that even five years after completion of
chemotherapy, patients still showed inferior cognitive functioning
to individuals who had never undergone chemotherapy (Nelson
et al., 2007). This finding implies that chemobrain may be a
lasting effect of chemotherapy, not just a transient decline in
neurological function.
A study in 2009 by Boykoff et al. interviewed women who had
undergone chemotherapy as part of treatment for breast cancer
and completed the treatment at least one year prior to the study.
The women reported chronic ailments that they felt were due
to their chemotherapy. Among these problems was chemobrain.
Women in this study reported a wide range of emotional and
interpersonal effects: feeling scared by their diminished ability, loss
of independence, loss of ability to effectively communicate, and
frustration (both with themselves and others). From an economic
point of view, many women reported that chemobrain affected
their ability to perform professionally; some women even had to
take early retirements or severe salary reductions. Others found
their ability to find employment hampered by their decrease in
cognitive abilities (Boykoff et al., 2009). Comments like these or
echoing similar sentiments were common among the testimony
of the women: “…it almost made me break down because of the
fact that you think you’re losing your mind” or “…I do remember
almost being panicked that I would never be able to think of
words again…” (Boykoff et al., 2009).
There are several important implications of this study. First of
all, it reinforces the findings of other studies that the cognitive
impairment following chemotherapy is real and has a significant
impact on the lives of cancer survivors. Secondly, it points to the
possibility that chemobrain is a chronic condition instead of a
side-effect that goes away when treatment is ended. Finally, this
study emphasizes the emotional toll of chemobrain. The loss
of cognitive function causes practical problems—memory loss,
loss of professional ability, and so forth. However, the emotional
ramifications of such shortcomings may be even more damaging
to the patients, as they recognize their minds’ weaknesses and
cannot reconcile such impairments with their reality prior to
treatment. Also, the strain that chemobrain places on patients’
friends and family creates an incredible about of tension in these
relationships and causes even more stress for all parties involved.
Despite all of the evidence detailing chemobrain’s effects,
some results exist that call its existence into question. One such

study was performed by Donovan et al. in 2005. The researchers
evaluated women who were receiving chemotherapy as part of
treatment for breast cancer carcinoma. To determine the patients’
cognitive abilities, the women were assessed with a battery of
standard tests indicating neurological function. The five main areas
of cognitive function were evaluated: “episodic memory, attention,
complex cognition, motor skill, and language” (Donovan et al.,
2005). The results of this study were extremely surprising and are
at odds with previous research. This study found no significant
differences between the chemotherapy patients’ cognitive abilities
and those of a healthy control group, no matter which domain of
cognitive function was being evaluated. Additionally, the authors
found that women who had undergone chemotherapy did not
report any more problems in cognitive ability than women who
had not (Donovan et al., 2005). The unexpected results of this
study suggest that further research needs to be conducted to
determine if these results are representative of some population
of patients and, if so, why they differ from patients who do
experience chemobrain.
Whether or not chemobrain affects all patients and whether
it is a short-term or chronic problem, some intervention needs
to be established to prevent, reduce, or eliminate its effects.
Currently, no standard treatment has been proved effective
in fighting this cognitive decline. Since a possible cause of
chemobrain is decreased neuronal function due to free radical
damage, one suggestion for treatment is antioxidant therapy to
help prevent or repair this injury. Other interventions that have
been tested are vitamin E and ginkgo, though neither of these
has been shown to lead to significant improvement in cognitive
functioning in chemotherapy patients. Some pharmaceuticals, like
dexmethylphenidate (d-MPH), have been demonstrated to cause
a significant improvement in cancer patients’ cognitive abilities.
Finally, behavioral therapy and mental exercises may improve
cognitive function and, while no significant results have been
found, there is a strong positive correlation between such cognitive
challenge exercises and an individual’s mental flexibility and
function (Nelson et al., 2007). Until some proven intervention
is isolated, a combination of all of these treatments is the best the
medical community has to offer those affected by chemobrain.

IV. Future Directions
While incredible amounts of progress have been made in the
past 30 years in understanding and utilizing the psychological
aspects of cancer, there is still much research that needs to
be done. First of all, behavioral science can be used in cancer
prevention efforts. Some causes of cancer are purely behavioral,
like tobacco and alcohol use. If the psychology behind these habits
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is better understood, it will be easier to stop these addictions from
developing and to treat those already formed. More effective
strategies in both of these areas could lead to decreased cancer
incidence (Burish 2000). Furthermore, understanding the social
and behavioral aspects of other cancer causes, like poor diet and
lack of exercise, could lead to more effective cancer prevention
techniques (Stefanek et al., 2009).
Screening cancer patients could help to reduce the number
of individuals who experience cancer-related distress or other
psychological issues related to treatment. Different socioeconomic,
cultural, and racial groups experience different needs and stressors
during cancer diagnosis and treatment. Understanding these
various needs and being able to target them more effectively
with behavioral therapy is an important step in reducing cancer
patients’ distress (Burish 2000). Pinpointing specific stressors that
lead to psychological problems across all groups of patients and
figuring out when these stressors are most likely to occur is also
an important step. If researchers can figure out “what” happens
“when” and how these events lead to distress, preventative measures
can be taken and, hopefully, mental health of cancer patients will
improve (Stein et al., 2008). Finally, patients should be screened
to identify an individual’s risk for psychological issues by looking
at areas that have been shown to be indicators of mental health
during and after treatment, such as innate personality types,
level of interpersonal support, and spiritual beliefs (Vickberg
et al., 2001). Being able to recognize patients who may have
more problems adjusting psychologically is essential in providing
complete cancer treatment.
The issue of chemobrain also needs significantly more
research in the future. Without further research into the causes
of chemobrain, effective preventions and/or treatments cannot
be developed (Nelson et al., 2007). The effort to fully understand
and then be able to combat chemobrain will undoubtedly require
the coordination of professionals across several fields of biology
and medicine. Treatments of chemobrain need to address the
neurological and emotional aspects of the condition and to help
the patient cope with more practical implications of their cognitive
impairment, like economic or professional hardships (Boykoff
et al., 2009). Until then, members of society need to be made
aware of the psychological issues facing cancer survivors so that
people close to the patients can understand what is going on and,
through that, help them to better fight loss of cognitive abilities.

is now known that the mental state of an individual contributes
a great deal to that person’s disease. Cancer is not just caused
by some genetic abnormality, but is also caused by behaviors in
which an individual engages. Furthermore, one’s mental health
and general emotional state have been shown to be fairly accurate
predictors about whether or not one will develop cancer. Cancer
treatment causes psychological side effects in patients and, in
turn, a patient’s outcome can be affected by their attitude during
treatment. Furthermore, the long-lasting effects of chemotherapy
extend beyond only the physical and impact a patient’s emotional,
spiritual, and cognitive health. Until researchers find a cure for
cancer, the medical community must focus on bettering patients’
quality of life by truly understanding the psychology of cancer.
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