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this unparalleled project at Boston University.  

Inside this and future issues you can expect to 

find writing on exciting, contemporary 

research; popular questions in neuroscience; 

and innovative ideas linking neuroscience 

with the world around us.  The Nerve is your 

resource to keep in touch with every unique 

facet of the mind and brain sciences.  We feel 

incredibly fortunate to be involved in the 

emergence of neuroscience as it reaches a 

new generation of students and scientists. 

This project would not have been possible 

without the generous help of Professor 

Howard Eichenbaum, Director of the Center 

for Neuroscience; Dr. Paul Lipton, Director of 

the Undergraduate Program in Neuroscience; 

Mr. Zachary Bos, Student Publications 

Coordinator; and many others. 

During a recent gathering of neuroscience 

majors this September, the Dean of the 

College of Arts and Sciences, Dr. Virginia 

Sapiro, and Professor Eichenbaum offered 

wise words to some of the 142 declared 

neuroscience students.  Dean Sapiro pointed 

out that neuroscience is in many ways the 

oldest science known to mankind: for as long 

as we have been able to ponder our existence, 

we have been doing so.  In this way, we are 

working in a science with a long history and 

deep roots. Professor Eichenbaum noted that 

neuroscience is also in some ways a brand 

F 
irst and foremost, welcome to The 

Nerve! We could not be more 

enthusiastic to release the first issue of 
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new discipline: it has taken us just over one 

hundred years, since Ramón y Cajal proposed 

the Neuron Doctrine, to organize ourselves 

into a discipline, borrowing from biology, 

psychology, chemistry and physics, to name 

only a few.   

Though we have learned a tremendous 

amount about the brain in the twentieth 

century, the twenty-first century promises to 

reveal many more secrets and confront 

enigmas that today seem out of reach.  

The Nerve is our contribution to the field.  

We aim to inform the public of progress in 

neuroscience and prepare the scientists of 

tomorrow by providing them an outlet to 

express innovative ideas.  It is needless to say 

how thrilled we are to be involved in 

neuroscience at such an exciting time. The 

first issue of The Nerve is the culmination of a 

year’s work and preparation by the 

undergraduate members of the BU 

Organization for the Mind and Brain Sciences 

and we hope you find it engaging and 

provocative.  
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psychology, and the medical sciences, and 

aspects of neuroscience have been 

additionally been developed within 

mathematics, computer science, and the 

physical sciences.  Each of these disciplines 

continues to have specializations in the 

study of the brain and behavior at the 

graduate or undergraduate level. In 

addition, a distinct field of neuroscience has 

evolved as the intersection of the 

contributions of all of the traditional 

disciplines and this new science is now a 

mature and independent field of knowledge 

and research. Correspondingly, there has 

developed the Society for Neuroscience, 

currently composed of over 38,000 

members, and many graduate and 

undergraduate training programs in 

neuroscience.  

Recognizing the growth of this field, in 

2007 President Robert Brown committed 

Boston University to establishing a 

university-wide center for neuroscience 

here, and a central goal of this new center 

was the establishment of a new 

undergraduate degree program in 

neuroscience.  We organized a committee to 

design the program and asked ourselves, 

“How should a modern undergraduate 

neuroscience program be built?”  Nearly all 

N 
euroscience, the study of brain and 

behavior, originated separately in 

diverse fields including biology,  
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of the existing undergraduate neuroscience 

programs are multidisciplinary in the sense 

that they are composed of several courses 

offered within each of multiple traditional 

disciplines (e.g. biology, psychology) with 

little coordination or integration among the 

separate approaches.  They are therefore, 

precisely, the sum of their parts.  Here at BU 

we recognized that the field of neuroscience 

is truly interdisciplinary, wherein the 

knowledge and insights from diverse 

disciplines is truly greater than the sum of 

what each discipline separately offers. 

Therefore in planning a new program 

here, the faculty coordinated their efforts, 

capitalizing on the breadth of our expertise 

that Boston University to create a new 

program that makes us a national leader in 

interdisciplinary neuroscience education. 

The program draws heavily on faculty and 

courses from the Departments of Biology, 

Cognitive & Neural Systems, Mathematics & 

Statistics, and Psychology.  And most 

important, we developed a set of core 

courses that presents neuroscience as a 

distinct area of knowledge.  And, unlike 

nearly all other undergraduate programs 

where neuroscience courses are taken only 

at the end of a series of disciplinary 

requirements, we designed the core courses 

so that students could elect them very early 

in their concentration.  Our aim is to engage 

students as neuroscientists sufficiently 

early and provide them with sufficient 

background and time to extend their 

knowledge with elective courses and 

research experiences throughout the 

majority of their undergraduate experience.   

But course design is not enough.  To fully 

engage students in our discipline also 

requires developing a community of young 

neuroscientists.  That is where this journal 

comes in. Among practicing neuroscientists, 

one of the main venues for scientific 

community is knowledge sharing via the 

scientific journal.  The Nerve will be a major 

vehicle for that kind of community building 

at BU.  I very much look forward to reading 

each issue, and in so doing, being a part of 

the community of BU neuroscience 

undergrads! 

 

Sincerely, 

Howard Eichenbaum 

Director, BU Center for Neuroscience 
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with the activity of fatty acids such 

as AA.  Specifically, AA is a 

polyunsaturated fatty acid 20 

carbons in length with a higher 

density of double bonds near the 

carboxy terminus.  Studies have 

examined its exogenous effects 

when applied to T-, L-, and N-type 

VGCCs and determined that, while 

all three varieties of channel 

respond differently, the unifying 

theme is that AA decreases 

channel availability by stabilizing 

closed conformations apparently 

through binding to the inner 

portion of cellular membrances 

while increasing channel 

sensitivity and promoting willing 

gating when binding to the outside 

of cellular surfaces.  Though these 

are not the only activities of AA 

and similar fatty acids, they are 

the best-defined at this juncture. 

While not completely 

explained by current research, the 

new model of VGCC regulation 

requiring both PIP2 and AA for 

adequate reduction of VGCC 

activity explains a number of 

phenomena that fall short under 

the only-PIP2 model.  For example, 

Phospholipase A2 (PLA2), 

phospolipase C (PLC), and 

diacylglycerol lipase (DAG) have 

all been associated with decreased 

VGCC activity, but none have 

universally been able to do so with 

all types of VGCCs.  

The data suggests that unified 

action of these three lipases to 

cleave PIP2 into its component 

parts with the pair of resulting 

fatty acids acting directly on the 

channel in question, whether 

through direct binding or 

otherwise, to inhibit overall 

activity.  As more research is done 

attempting to elucidate the exact 

mechanisms and specifics of this 

pathway, the model will likely 

evolve and become more concrete 

in the relationship between these 

produce two different behaviors: 

increased channel availability and 

decreased activation kinetics. 

The hypothesized model for 

this kind of PIP2 activity suggests 

that two sites of action exist; at the 

"S" site, PIP2 increases current by 

promoting channel availability, 

while at the "R" site, PIP2 

increases reluctant gating.  Based 

on studies done where VGCCs with 

PIP2 were exposed to antibodies 

against PIP2 or protein kinase A 

(PKA), the previous models 

suggests that the removal of PIP2 

by cleavage by a lipase or other 

hydrolase is sufficient for 

decreasing current in VGCCs. 

Increasingly though, research 

has shown that the activity of 

arachidonic acid (AA), a fatty acid 

available for liberation by lipase 

cleavage of PIP2, directly opposes 

that of PIP2 and argues that 

removal of active PIP2 alone is not 

sufficient, but is rather coupled 

 

 

  
In the communication of information 

throughout the body, voltage-gated ion 

channels are of special importance in 

maintaining a fast and accurate transmission 

of data.  The proper function thereof is 

essential to any sort of complex behavior, be 

it running, talking, learning, or even 

breathing.  In particular, the activity voltage-

gated Ca2+ channels (VGCCs) directly affects 

both membrane potentials and 

neurotransmitter release, leading to the 

general interest surrounding its mechanisms 

of regulation.  It has been thus far well 

established that phosphatidylinositol 4,5-

bisphosphate (PIP2) acts on VCGGs to 

 

 



portions of the signalling 

pathways.  Ultimately, the PIP2-AA 

model provides a system through 

which VGCC activity can be tightly 

controlled by modulation of 

multiple lipases as well as PIP2 or 

AA itself.   

Additionally, it does not strictly 

contradict the idea or support of 

PIP2's loss as sufficient for 

channel inhibition; rather, it takes 

the mechanism a step further to 

argue that a cascade of regulatory 

actions occurs as part of PIP2 

cleavage and that these 

additionally modulate the VGCCs 

in question.  This model will be 

put to the test as studies in lipid 

regulation of VGCCs become more 

precise in their examination of the 

available pathways, but there is 

strong evidence to support the 

belief that joint protein-lipid 

mechanisms can best explain 

modulation of ion channels. 

 

― Doug Hidlay 

 
 

ORIGINAL PAPER: Roberts-Crowley 

ML et al. Regulation of voltage-

gated Ca2+ channels by lipids. Cell 

Calcium. 45: 589–601 (2009). 
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The primary unit of organization in the olfactory 
bulb (OB) is the glomerulus, a congregation of 
olfactory sensory neurons (OSNs) with a 
particular olfactory receptor (OR) synapsing onto 
the olfactory output cells. Successful guidance of 
OSN axons to OR-specific glomeruli is required for 
a functional sense of smell. During development, 
OSNs must be sorted before they can grow into 
the OB layer and form synapses.  

Treloar et al. show that the extracellular 
matrix protein Tenascin-C (Tnc) keeps OSN axons 

from penetrating the OB layer prematurely. Even 
though the lack of Tnc delays glomerulogenesis, it 
is insufficient to prevent it: glomeruli in mice 
lacking Tnc matured several days later than in 
wild-type mice, as did behavioral response to 
odorants. While a multitude of molecules may 
guide OSN axons to specific glomeruli, the authors 
conclude that Tnc controls temporal patterns of 
OSN growth and glomerulogenesis. 

 
ORIGINAL PAPER: Treloar et al. Tenascin-C Is an 
Inhibitory Boundary Molecule in the Developing 
Olfactory Bulb. The Journal of Neuroscience, 
29(30):9405–16 (2009). 

 

 

It has long been known that juvenile songbirds learn their 
songs by imitating adult songbirds. Classic experiments have 
shown that in the absence of this type of teaching signal, the 
birds grew up singing abnormal, disordered songs. In “Adult 
birdsong is actively maintained by error correction,” Sober and 
Brainard analyze the mechanisms by which adult birdsong is 
maintained in adult Bengalese finches.  

In this study, the researchers fitted birds with headphones 
that shifted the pitches of incoming auditory signals and found 
that the birds compensated for the perceived change by 
adjusting the pitch of the song.  

After a two week period of altering the pitch, the pitch of the 
song had adjusted accordingly. For example, if the auditory 
feedback was lower than the song, the bird compensated by 
singing higher.  Interestingly, after the shift was removed, the 
birds’ songs returned to their original baseline pitches.   

The results indicate that both time and magnitude of the 

  



shifts affect the birds’ adaptability. The birds balance these 
factors by slowly responding to the auditory errors. In 
comparison to human vocal production, birds’ vocal 
adaptation is much less rapid and their sensorimotor 
strategy relies heavily on a target determined during initial 
learning of the song to maintain it. 

This dynamic process reveals the plasticity of adult 
songbirds’ song maintenance and shows that humans are 
not the only species capable of using auditory feedback to 
correct vocal errors in adulthood. 

 
―  Natasha Amjed 

 
ORIGINAL PAPER: Sober SJ & Brainard MS. Adult birdsong is 
actively maintained by error correction. Nature 
Neuroscience. Vol. 12, July 2009. 
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obtained data to support that the rat’s behavior (i.e. left or right on the maze) can be predicted by the 
neuronal firing patterns observed in the hippocampus while the rat entered the wheel portion of the task. In 
essence, neural activity during wheel running, which was believed to reflect internally-generated cell 
assemblies, was similar to hippocampal firing patterns during maze navigation. A significant subset of 
neurons also reliably predicted the behavioral choice during wheel running, even errors, though the greatest 
predictor occurred during the beginning of a session, (i.e. when the rat was at the stem of the maze). 

Buzsaki’s findings provide data to support that during learning, the hippocampus is recruited to 
represent the sequential order of external events, whereas during recall, the intrinsic dynamics of the 
hippocampal neural network are said to reflect imagination or action planning.  

 
― Steve Ramirez 

 
 

ORIGINAL PAPER: Pastalkova E., Itskov V., Amarasingham A., Buzsáki G. Internally Generated Cell Assembly 
Sequences in the Rat Hippocampus. Science. . 321: 1322 – 27. 2008. 

It has been suggested that one of 
the primary purposes of the 
hippocampus is to generate a 
cognitive map of the environment 
in the service of spatial navigation. 
The hippocampus can produce 
activity either through 
environmentally-derived stimuli, 
or through internally-generated 
mechanisms, though 
disambiguating one from the other 
has proven to be an issue of 
considerable difficulty.  

Buzsaki et al. trained rats to 
alternate between the left and 
right arms of a figure-8 maze. 
After completing a hippocampus-
dependent memory alternation 
task, the rat entered a 10 second 
delay period, during which it was 
to run on a wheel at a constant 
speed so as to remove externally-
generated input. The firing 
patterns of CA1 hippocampal 
neurons were compared during 
both the maze and wheel portions 
of the task.   

Performance on the maze-
alternation task depends on the 
functional and structural integrity 
of the hippocampus. Buzsaki et al. 

 

 

  



Recognition memory has been studied 
extensively in humans, nonhuman primates, 
and rats. It has been recently confirmed that 
the hippocampus supports recollection of 
previously encountered stimuli, while the 
surrounding parahippocampal region is 
responsible for a sense of familiarity with 
those stimuli (e.g. Sauvage M. Nature 
Neuroscience. Vol. 11. 2008). Furthermore, 
episodic memory, or the ability to remember 
personal experiences, has recently been 
demonstrated in mice and rats 

However, the neural basis of free recall – 
our ability to consciously conjure up mental 
representations of previous experiences – 
has been rather elusive, partially because 

is that those same neurons that preferred the 
presentation of a specific video clip also responded 
each time the subject recalled that clip.  

Several seconds before subjects declared 
spontaneously recalling a specific clip, the cell that 
responded during clip viewing was active again. 
Importantly, during free recall, the subjects had no 
external cues to remind them of the clips. As the 
authors put it, these results imply that the observed 
reactivation is “an internally generated neuronal 
correlate for the subjective experience of 
spontaneous emergence of human recollection.” 
What remains to be seen is how and why these 
internally generated representations occur. 
Specifically, it is not yet clear what causes the 
reactivation of specific neurons and whether that 
reactivation causes the subject to recall specific 
episodes. 

 
― Gregory Guitchounts 
 
ORIGINAL PAPER: Gelbard-Sagiv H. et al. Internally 
Generated Reactivation of Single Neurons in Human 
Hippocampus During Free Recall. Science 322: 96-
101 (2008) 
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neither monkeys nor rats can declare when  
they’ve spontaneously remembered something and 
it is unclear if recorded neuronal activity 
corresponds to actual free recall.  

To address this issue, Gelbard-Sagiv and 
colleagues used as subjects epileptic patients 
implanted with depth electrodes to localize the focus 
of seizure onset (for a review of epilepsy, see pg xx, 
this issue); the rather invasive nature of the 
implantation means that this is the only feasible way 
to record individual neuronal activity in the human 
brain.  

Using this setup, Gelbard-Sagiv presented his 
subjects 46 video clips of different TV shows and 
celebrities while recording the electrical activity of 
hundreds of neurons in the hippocampus and 
surrounding cortex. The authors acknowledge the 
concern that using data from epileptics may not be 
representative of a properly functioning brain, but 
argue that the recorded neuronal activity in this 
study did not correspond to the highly-correlated 
responses of typical epileptic activity and that only a 
third of the recorded neurons were in the 
epileptogenic zone. 

A subset of the recorded neurons showed 
significant increases in firing rates for specific clips. 
For example, one neuron responded reliably only to 
Tom Cruise, while another to The Simpsons and 
somewhat less so to Seinfeld. Such results have been 
documented many times before; the remarkable part 
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It is known that the Human 

Immunodeficiency Virus (HIV) 

sustains a latency period following 

acute infection during which HIV 

symptoms are negligible.  During 

this latency period, there is a 

constant low level of HIV 

replication stemming from the 

infection of Hematopoietic Stem 

Cells (HSCs).  These stem cells 

develop into Hematopoietic 

Progenitor Cells (HPCs) and then 

will continue to differentiate into 

cells involved in the host’s 

immune response including T-

cells, B-cells, and cells of the 

monocyte/macrophage lineage.  

When HSCs become infected with 

HIV, the HPCs serve as a reservoir 

for the virus and integrate it into 

all subsequent daughter cells.  

These daughter cells constitute the 

low level of HIV replication during 

latency. 

HIV-infected circulating 

macrophages cross through the 

blood-brain barrier into the 

Central Nervous System (CNS).  

Macrophages in the CNS are 

perivascular macrophages 

localized in the Virchow-Robin 

spaces between blood vessels 

surrounding brain tissue, the 

meninges, and the choroid plexus 

where they release the virus, 

infecting susceptible cells such as 

neurons and microglial cells 

throughout the CNS.  HIV infection 

of the CNS often leads to HIV-

associated Dementia (HIVD). 

Hematopoietic stems cells have 

become potential targets of gene 

therarpy aiming to make them 

resistant to HIV infection. 

CD34 is a cell surface 

glycoprotein that functions as an 

important adhesion molecule on 

HSCs.  Soulas, et al. studied five 

rhesus macaques that were 

transplanted with autologous 

CD34+ HSCs that were transduced 

by HIV or Simian 

Immunodeficieny Virus (SIV) 

vectors to express enhanced green 

fluorescent protein (EGFP). 

Investigators looked into the 

EGFP+ CD34+ HSC contribution to 

the repopulation of myeloid cells 

in blood, lymphoid tissues, and the 

CNS. 

In order to analyze the EGFP 

expression in circulating cells, 

peripheral blood was analyzed by 

four-parameter flow cytometry.  

Fluorescent-tagged antibodies 

against macrophage surface 

proteins were identified using 

fluorescence-activated cell sorting 

(FACS).  EGFP was detected in 

tissues using antibodies against 

EGFP followed by 

immunohistochemistry and 

immunofluorescence assays.  

Investigators localized EGFP+ cells 

through multilabel 

immunofluorescence. 

Results suggest that all 

monocyte subsets were equally 

repopulated by the CD34+ HSCs 

for at least four years following 

the transplant.  Though the types 

of cells repopulated were equally 

distributed, the location of these 

cells was not.  In cells with 

morphologies consistent with 

perivascular macrophages, all 

EGFP+ cells were localized around 

small capillaries and blood vessels, 

supporting the hypothesis that the 

cells were, in fact, perivascular 

macrophages. 

Consistent percentages of 

EGFP+ cells in multiple cell 

lineages suggest stable 

contribution from CD34+ HSCs.  In 

a recent study, two rhesus 

macaques received CD34+ HSC 

transplants transduced with an 

SIV vector containing EGFP and 

hairpin RNA against CCR5, a co-

receptor necessary for membrane 

fusion and entry to the host cell.  

The RNA hairpin should prevent 

virus from entering the host cell 

and halt replication.  Currently the 

macaque’s CCR5 expression is 

under investigation.  Similarly, 

future researchers hope to target 

monocytes/macrophages by 

CD34+ transplant in order to 

introduce therapeutic 

modifications. 

 

― Kimberly LeVine 
 

ORIGINAL PAPER: Soulas. C., et al. 

Genetically Modified CD34+ 

Hematopoietic Stem Cells 

Contribute to Turnover of Brain 

Perivascular Macrophages in 

Long-Term Repopulated Primates. 

Am. J. Pathol. 174: 1808-17. 2009. 
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that could help you study for hours on end, would 

you take it? What if you could stay up all night and 

work without feeling even slightly fatigued? Phar-

macological agents that are available today help 

achieve these effects. Compounds familiar to many, 

such as Adderall and Ritalin, are found to have wide-

spread and increasing usage on college campuses 

and within research institutions. However, these 

drugs aren’t being used to treat their prescribed dis-

orders, but rather have been found to have nootropic 

effects; these drugs have the ability to enhance 

“normal” cognitive function of the human brain. This 

raises many questions, perhaps most importantly, 

whether or not these medicines, designed to treat 

mental disorders, should be allowed for the recrea-

tional augmentation of healthy individuals’ cognitive 

abilities.  

 

Target Individuals 

The implementation of pharmacological intervention 

in healthy individuals has a surprisingly long history, 

in the United States military no less. As far back as 

World War II, the army was distributing stimu-

lants to allow personnel to stay awake and more 

focused over a longer period of time. Currently, the 

United States Air Force has the right to ground pilots 

who refuse to take the amphetamine-like drug Dexe-

drine1. Outside of the armed forces, one can find 

pharmacological enhancement taking place on col-

lege campuses. Overall, it’s assumed that roughly 5% 

of college students have taken Adderall, Ritalin, or 

Provigil for off-label enhancement. On some cam-

puses, this number reaches nearly 25%2. So what’s 

the profile of the typical college user? Students who 

use these drugs are usually high achievers attending 

competitive colleges.  

Researchers are also known to be noteworthy 

consumers of cognitive enhancers. An informal poll 

conducted by the scientific journal Nature showed 1 

in 5 respondents3, admitting to usage of at least one 

The Invention of a Mental Steroid 

If there were a pill 
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type of substance, being Methylphenidate, 

Modafinil, or Beta-Blockers. 

 

Types of Nootropics 

There are many different kinds of nootropics. 

The best-known example, Adderall XR, con-

tains mixtures of 4 amphetamine salts. It was 

originally developed as a weight manage-

ment drug, until it was sold to another phar-

maceutical company as the treatment drug 

for ADHD for 63 million dollars. Other types 

of amphetamines include Benzedrine (l-

amphetamine), and Dexedrine (d-

amphetamine). 

There are also isomers of methylpheni-

date, such as Ritalin, a racemic (contains both 

dextro and levo conformations) mixture of 

methylphenidate, Concerta, also a racemic 

mixture, but for extended-release, and Foca-

lin, a dextro isomer of methylphenidate. 

There is even a transdermal patch, Daytrana, 

which is used mainly for children aged 6-12.  

Recently, Modafinil (Provigil), a relatively 

new drug used to treat adult excessive sleep 

disorder and sleep apnea, has been in the 

spotlight in various sources such as Discover, 

Wired Science, and Nature.  

  

Mechanism of Action 

The effects of these nootropics may be simi-

lar, but the mechanisms of action within the 

brain differ among the types of drugs. Am-

phetamine works in two ways: by increasing 

the presynaptic concentrations of dopamine 

(DA), norepinephrine (NE), and serotonin (5-

HT), thereby releasing more neurotransmit-

ter during an action potential; and by re-

verse-transporting dopamine from the pre-

synaptic terminal into the synaptic cleft using 

the DA Transporter (DAT).  

Contrary to amphetamine, methylpheni-

date works by inhibiting DAT, thus blocking 

the reuptake of dopamine and norepineph-

rine. Pemoline (Cylert), like methylphenidate, 

works as a dopamine reuptake inhibitor, also 

increasing the concentration of the catecho-

lamines in the synapse. Other drugs affect the 

brain rather differently. For example, Pirace-

tam (Nootropil), a cyclic derivative of GABA 

and a member of the racetam group, works 

by modulating Na+ flux through AMPA recep-

tors.  

Another member of the racetam group, 

Aniracetam, has a similar mechanism of ac-

tion as Piracetam, but is fat-soluble and thus 

more potent than Piracetam. Yet another 

type of drug used as a cognitive enhancer is 

Propranolol, which is said to be the first clin-

ically useful beta-adrenergic receptor anta-

gonist, commonly referred to as simply a “be-

ta-blocker.” 

The tremendous number of drugs in use 

today makes it clear that we will soon be able 

to achieve practically any nootropic effect.  

The great strides in pharmacology that have 

produced these “magic pills” are certain to 

carry us into a wonderland in the near future. 

But should there be any restrictions on the 

research being done now? Should we forbid 

scientists to even consider asking some ques-

tions on how we can change human nature? 

Or should we let them work and deal with 

the consequences later? 

 

Health Effects 

Cognitive enhancers have proven their ef-

fects on healthy individuals, but are there 

any drawbacks?  

Like with so many other drugs, cognitive 

enhancers come with a hearty serving of 

“but.” First, they are not completely non-

habit-forming. Even if the drug itself doesn’t 

Nootropic: 
pertaining to a 

drug that en-
hances mental 
functions, such 

as memory. 
From the 

Greek noos, 
'mind' + tropic, 

'affecting' 
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physically promote addiction, the mere idea 

of instant results—whether it is a higher 

grade, or a more focused mind in a research 

setting—all at a cost of taking a pill, may be 

hard to resist for some. 

Second, when mixed with other medica-

tions, including among the enhancers them-

selves, irreversible or even fatal damage may 

be done. It’s hard to judge the pharmacody-

namic properties of all the mechanisms of the 

combined drug actions for most people. 

Furthermore, everyone’s genetic makeup 

is different and thus the reactions to these 

so-called enhancers differ as well. Adults 

with high blood pressure or a significant car-

diovascular disease are at risk for anxiety 

and psychosis if taking some nootropics4. 

 

Ethical issues 

Recently, a group of neuroscientists and bioe-

thicists voiced their support for enhance-

ment in a commentary in the journal Nature5. 

Responsible use by informed adults, they 

said, would allow for optimal societal benefit 

from the availability of these drugs. Pharma-

ceuticals are seen as another means to ad-

vance our species, similar in function to edu-

cation, information technology, and proper 

health. However, one can wonder what will 

become of an individual’s autonomy in a 

world with enhancement. Is it possible that 

these drugs will set a new standard of per-

formance, effectively pressuring non-

believers into using them? We must also ask 

ourselves who is going to have access to 

these substances, and how usage is going to 

be distributed across the socioeconomic 

spectrum. It is important to note that the 

long-term effects of drug use for enhance-

ment are unknown. But we do know that the 

use of these stimulant substances can, in 

some cases, lead to addiction. The enhance-

ment debate promises to continue in the 

years ahead; only time will tell which side 

society chooses to take.   

 

1. Borin, E. The U.S. Military Needs Its Speed. Wired. February 2003. 
2. McCabe, S.E., Knight, J.R., Teter, C.J. & Wechsler , H. Non-medical use of prescription stimulants among US 

college students: Prevalence and correlates from a national survey. Addiction 100, 96-1106 (2005). 
3. Madrigal, A. 20 Percent of Scientists Admit Using Brain-Enhancing Drugs—Do You? Wired. February 2003. 
4. The Brown University Child and Adolescent Psychopharmacology Update. December 2005. 
5. Greely, H., et al. Towards responsible use of cognitive-enhancing drugs by the healthy. Nature. 456, 702-

705 (2008). 



 

 

 

Thank you for picking up The Nerve! The 

Nerve is the journalistic arm of the BU 

Organization for the Mind and Brain Sciences 

(BUombs). BUombs, an undergraduate club, 

was formed in the fall of 2008 with two goals: 

one academic and the other community 

building.  As evidenced by the cover and the 

totality of the project, we are passionately 

interested in any subject pertaining to the 

mind or brain. We’re all pioneers on this 

frontier of the human condition.  Our main 

goal is to present prominent (and often 

controversial) topics in a way that appeals to 

both those who are currently in these fields 

(neuroscience, cognitive science, 

neurobiology, etc) and those who lack 

background but not enthusiasm for these 

subjects. In order to accomplish this ambition 

we have divided The Nerve into three 

sections: Research In Brief, Articles, and 

Reviews.  The Research In Brief section is 

written by the editing staff and provides quick 

highlights of state of the art research.  The 

short Articles are thought-provoking pieces 

aimed at the casual reader who wants 

exposure to new ideas in the mind and brain 

sciences. The Reviews are for those who want 

a meaty voyage into a specific domain of a 

chosen field.  

This transfer of ideas inherent in any 

publication ties directly into our second 

objective, community building.  

Unfortunately, many times when “the Mind-

Body problem” or “synaptic weights” are 

bought up in a social setting, the results are 

less than encouraging.  The person who dared 

to utter these words will often be subject to 

blank stares, silence, and the classic, “oh, 

you’re one of those people.” We decided it was 

time for a group and a publication that not 

only announced we exist but that many of us 

are standing right next to you and you didn’t 

even know it. BUombs has personally 

entrapped me with both its breadth of topics 

and the brilliant minds it attracts. 

 How does one join our community? Well, 

congratulations: the act of reading The Nerve 

has officially made you one of us. Though the 

publication was not an easy process, we 

wanted to create something that would be 

free to all undergraduates (notice, the back 

cover says $5.00. Undergraduates are exempt 

from this fee!).  We ask for only one thing in 

return – spread the word. We are a grassroots 

movement and are completely dependent on 

your participation. If you find one of the 

topics arresting, talk to your friends about it. 

If you read from cover to cover and feel a 

push to get involved, join BUombs (and bring 

your friends). Most importantly, if you enjoy 

what you’ve read don’t keep it to yourself. 

Instead of throwing The Nerve under your 

bed, pass it on to a friend, drop it off on a 

conference table, or leave it in a classroom.  

Whatever you choose to do, please remember, 

if you don’t spread your ideas, they die with 

you.  

 

Darrien Garay 

Director of Public Relations 
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Cleomenes of Sparta between 480 and 425 

B.C. In 20 B.C.  The poet Horace wrote of a 

delusional man in Argos demonstrating 

phrenetis, melancholia, and a third type 

madness. Swiss psychiatrist Eugen Bleuler 

(1857-1939) first employed the term “schi-

zophrenia,” from the Greek “split brain,” as a 

diagnosis in 19081. Schizophrenia is hardly a 

modern disorder. Though knowledge of it 

has circulated since the classical era, ideal 

treatment for schizophrenia and its symp-

toms has been disputed just as long. While 

neuroleptic and other pharmacological 

treatments indisputably alleviate symptoms, 

some still doubt their efficacy and healthful-

ness for patients, citing harmful side effects. 

Today, debates persist between those who 

support psychopharmacological treatment 

and those who maintain that psychoanalytic 

therapies relieve the patient more efficiently. 

Although antipsychotic medication proves to 

be successful in treating patients’ symptoms, 

psychological effects caused by the neurolog-

H 
erodotus, the “Father of History,” 

recorded the earliest suspected 

case of schizophrenia in King 

ical disorder must also be dealt with. There-

fore, patients suffering from schizophrenia 

should not only receive pharmacological 

treatment to manage neurotransmitter im-

balances, but should also take part in therapy 

in order to cope with psychological effects of 

the disorder.  

According to Robert Freedman, M.D., pa-

tients experience intense symptoms caused 

by imbalanced neurochemistry and brain 

dysfunction. Schizophrenia, often confused 

with Multiple Personality Disorder, generally 

begins to show in late adolescence or early 

adulthood and occurs in about one percent of 

the population. Diagnostic criteria include a 

number of positive and negative symptoms. 

Positive symptoms, excesses or distortions of 

function, include delusions, hallucinations, 

and increased anxiety. Negative symptoms, 

defined as a loss of normal function, include 

deficiency in emotional responsiveness, so-

cial withdrawal, inability to focus, and li-

mited speech. A simplified biochemical cau-

sation for schizophrenia is an excess of do-

pamine in the brain. More recent studies 

have developed hypotheses pointing to an 



additional buildup of serotonin.  

Multiple genetic and environ-

mental factors produce additional 

brain dysfunctions such as de-

creased inhibitory neuron func-

tion. In addition, while there is a 

reduction in hippocampal and pre-

frontal cortex tissue, functional 

MRIs show increased hyperactivi-

ty in these areas2.  

Antipsychotic, also called psy-

chotropic, medications assert 

themselves in several ways in the 

brain. In the case of schziophrenia, 

the drugs manipulate neuro-

transmitter levels by antagonizing, 

or blocking, post-synaptic dopa-

mine neurons, specifically D2 re-

ceptors. Hogarty further explains 

the process of post-synaptic anta-

gonism: “[A]ntipsychotic drugs 

(because of their somewhat simi-

lar molecular structure) can selec-

tively take the place of molecules 

of real neurotransmitters at the 

postsynaptic receptor, but act ra-

ther like ‘phony’ transmitters 

since they do not pass the message 

along through the neuronal chain 

in quite the same way as true neu-

rotransmitters do”4. This dopa-

mine blockade creates feedback 

and consequent depolarization 

that likely produces the antipsy-

chotic effects.  

Neuroleptics became the 

treatment of choice soon after 

their introduction due to in-

creased convenience and despite 

negative side effects. Since the 

1950’s, patients under this type of 
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symptom management have 

abandoned life-long institutionali-

zation in mental hospitals for out-

patient treatment. Early antipsy-

chotics manipulated neurochemi-

stry to reduce the intensity of hal-

lucinations and delusions to a level 

that allowed patients to function 

outside of the hospital. However in 

these first generation medications, 

such as chlorpromazine, the same 

dopamine blockades minimizing 

positive schizophrenia symptoms 

also cause several extrapyramidal 

side effects such as acute dystonia, 

akinesia known as pseudoparkin-

sonism, akathisia, and tardive 

dyskinesia. Blocked dopamine in 

the hypothalamus disrupts the 

release of prolactin, as well as 

causes galactorrhea, amenorrhea, 

sexual dysfunction, and weight 

gain4. Though researchers could 

not deny the medications’ success 

in diminishing hallucinations and 

delusions, questions arose regard-

ing the presence of such disruptive 

side effects. 

Beginning in the mid-1970s, 

researchers began developing 

new, second-generation drugs, 

attempting to eliminate side ef-

fects shown in the first generation. 

A breakthrough drug, clozapine 

proved to do just that. The newer 

medications lessen positive symp-

toms with a higher efficacy as well 

as minimize negative symptoms, a 

feature that first generation anti-

psychotics lack5. One explanation 

of the increased efficacy is the dif-

ferent attack on neurochemistry: 

“The mechanism of action of clo-

zapine differs in many ways from 

that of other dopamine D2 recep-

tor antagonists; the most popular 

hypothesis is that it has weaker D2 

antagonism and stronger antagon-



ism at serotonin 5-

hydroxytryptamine receptors”3. 

The difference was vast says John 

Kane, author of Pharmacological 

Treatment of Schizophrenia; after 

six weeks, 30% of clozapine-

treated patients improved in com-

parison with only 4% of those re-

ceiving chlorpromazine6. Cloza-

pine and equivalent second-

generation antipsychotics left the 

first generation drugs obsolete.  

The newer medications, how-

ever, are not without their faults. 

Second-generation treatment 

gives patients a greater risk for 

disruptive metabolic side effects. 

The drugs can produce severe 

weight gain often accompanied by 

type 2 diabetes mellitus and 

hypercholesterolemia. In addition, 

clozapine has the potential to 

cause toxic side effects. Research-

ers have made connections be-

tween the antipsychotic drugs and 

agranulocytosis, a dangerous re-

duction in the number of white 

blood cells3. These consequences 

lead to the continued research in 

psychopharmacological treatment 

of schizophrenia.  

 

Patient Compliance 

For patients, opinions on medica-

tion range exceedingly. Often pa-

tients refuse the antipsychotics, 

insisting that they will harm or kill 

them. Doctors attribute these atti-

tudes to paranoid delusions, one 

of the most frequent symptoms of 

schizophrenia7. Some deny that 

medications have helped in any 

way: “They give me poison, that’s 

what I get, poison. I’ve always tak-

en [the medications] when they’ve 

given me them, but I’ve never 

wished to take them. I don’t think 

they do me any good,” claimed one 

patient7. For most, the medication 

serves as a source of reliability in 

life. However, relying so heavily on 

something mysterious remains 

confusing to many patients. One 

woman says, “Now that I’m on 

regular medication, I am finally 

recovering. For the first time in my 

life, I feel well and healthy. But it 

has been only 6 months. Things 

are still fragile. I know how easily I 

could still crumble, psychosis ex-

ploding my world”7. Problems 

with adherence to medical rou-

tines arise as a difficulty in many 

cases. Today, doctors work to ex-

plain the function of neuroleptics 

to their patients in order to relieve 

any anxiety regarding medication.  

Presently, pharmaceutical 

companies attempt to maintain 

the benefits of second generation 

anti-psychotics while reducing 

their toxicity and other side ef-

fects. Researchers look into the 

coordinating dosage of medication 

with blood levels, in order to 

maintain a healthier metabolism 

and avoid agranulocytosis. Inves-

tigators also continue to make 

strides in the methods of medicat-

ing. According to John Kane, pa-

tient compliance in taking oral 

antipsychotics remains a large 

problem in treatment. Injection, or 

the “Depot” method, is available to 

improve long-term success and 

avoid relapse due to lack of com-

pliance with oral medications. Un-

fortunately, the United States has 

not widely accepted the depot me-

thod, despite its potential useful-

ness in treating patients with schi-

zophrenia6. Current development 

in psychopharmacological schi-

zophrenia treatment strives to 

understand the sophistication of 

the disorder in order to better 

medicate suffering patients.  

 

Psychotherapy as Treatment of 

Schizophrenia 

In contrast to the chemical, phy-

siological treatment stance, psy-

chotherapy stands as a less criti-

cally accepted, yet longstanding 

alternative for or addition to schi-

zophrenia management. Treat-

ment ranges from integration of 

therapeutic strategies with medi-

cation to complete psychoanalytic 

immersion. Psychoanalysts argue 

Some patients 

insist that the 

drugs will 

harm or kill 

them 
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that the nature of the disease does not require me-

dication; antipsychotic treatment only hinders a 

patient’s psychological understanding of his or her 

disorder. The psychoanalytic opinion of schizoph-

renia holds that a patient must not attempt to mask 

the symptoms, but should strive to understand and 

overcome them.  

Psychoanalysts challenge the very definition of 

schizophrenia. While society commonly accepts 

schizophrenia as neurological disorder, psychothe-

rapists argue that the disease should be classified as 

a chronic terror syndrome- a patients’ defenses 

against the terror they experience. This theory de-

scribes hallucinations as waking dreams. Bertrom 

Karon, author of “The Fear of Understanding Schi-

zophrenia and Iatrogenic Myths” argues that hallu-

cinations are synonymous with dreams, except that 

internal motivation to dream while awake must be 

remarkably strong8. Psychoanalysis describes delu-

sions as transferences against a homosexual wish, 

reminiscent of Freud, family meanings, or attempts 

to explain strange experiences8. In this way, therap-

ists reassign traditionally physiological problems as 

internal psychological difficulties.  

Those searching for an alternative to pharmaco-

logical methods can turn to the psychoanalytic ap-

proach with its countless number of methods. Ka-

ron insists that psychotherapy not only aids in re-

covery, but can also function as the sole treatment. 

He says participating in psychotherapy with a com-

petent psychotherapist yields the most successful 

results. Several studies stress the importance of a 

trusting relationship between doctor and patient7. 

Studies emphasize the importance of language de-

velopment in resolving problems of disorganized 

cognitive and language systems. One source sug-

gests that therapists should avoid using personal 

pronouns and asking questions in order to help the 

patient become self-reflective and able to use sym-

bolic identification to interpret the transferences9. 

These and similar methods strive to point a patient 

towards understanding his or her confusion8.  

Though all treatment for schizophrenia aims to 

alleviate the causes of personal and social stressors 
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on the patient, the definition of and means to 

that end vary widely. Etiological treatment 

has one clear-cut goal: to reduce symptoms 

with minimal side effects. Psychoanalytic 

treatment aims elsewhere. Psychoanalysts 

have seemingly endless options of methods 

with which to treat patients. Therapists di-

vide the methods into two large categories, 

each with specific goals. Investigative Psy-

chotherapy aims to alleviate emotional diffi-

culties as well as symptoms. According to 

Wayne Fenton, author of “Evolving Perspec-

tives on Individual Psychotherapy for Schi-

zophrenia,” “this is accomplished by under-

taking a thorough scrutiny of the patient's 

life history, reviewing in close detail the real-

ities of the patient's current relationships 

and life situation and understanding the his-

torical roots and current ramifications of ma-

ladaptive interpersonal patterns as reflected 

in the doctor-patient relationship and in daily 

life.” Expected results from this technique 

note personality growth and a better ability 

to communicate and function with others. 

The other grouping of methods makes up 

Supportive Psychotherapy. This approach to 

psychotherapy acknowledges schizophrenia 

as a biologically-based disorder, winning the 

respect of clinicians. This technique strives 

for vastly different results than Investigative 

Therapy in the patient, including (1) relief 

from the immediate crisis or direct reduction 

of acute disequilibrium, (2) removal of symp-

toms to premorbid levels, (3) reestablish-

ment of psychic homeostasis through a 

strengthening of defenses, (4) sealing over 

psychotic experiences and conflicts, (5) the 

circumscribed fostering of adaptation, and 

(6) mobilization and preservation of healthy 

aspects of the patient to enable optimal func-

tioning and minimize the impact of persistent 

deficits10. 

Few studies exist refuting the benefits of 

psychotherapy. Few could argue that “talk 

therapy” would, in fact, worsen the symp-

toms of schizophrenia. However, the debate 

remains over the balance between psycho-

pharamacological management with psy-

choanalytic treatment. The integration of the 

two sciences began slowly, conceding slightly 

that the disorder is not black and white. Kane 

asserts: 

 

As we learn more about the complexity of 

this disease (or diseases), we should also 

remain open to the possibility that a combi-

nation of different pharmacologic agents as 

well as nonsomatic treatment could be ne-

cessary to produce optimum results. We 

seem, at times, to harbor what might be an 

unrealistic expectation that a single agent 

will influence some basic pathophysiologic 

factor that is primary to all of the diverse 

manifestations of this illness. REF 6  

Developments show that he is correct. 

Schizophrenia encompases both physiologi-

cal troubles to be dealt with through medica-

tion, as well as psychological difficulties to be 

deal with through a more personal therapy. 

While neuroleptics aid the neurochemistry 

and most symptoms of the disorder, therapy 

lends itself to reducing the rates of paranoia, 

denial, and suicide, as well as improving self-

esteem. In addition, psychotherapy aids the 

efficacy clinical treatment. Many inherent 

qualities of schizophrenia make medicating 

difficult. Psychotherapy assists in establish-

ing a trusting clinical relationship, encourag-

ing medication compliance. The combina-



the biological aspect of schizophrenia is so 

clear. Today, experts understand that no 

choice between the two remains, and instead 

propose combinatorial therapy. In this way, 

patients receive the pharmacological treat-

ment necessary to balance their neurochemi-

stry and at the same time participate in psy-

chotherapy in order to manage the psycho-

logical effects of the disorder. The dichotomy 

between the two methods has dissolved, 

leaving only optimism in the treatment of 

schizophrenia.  

 

 

torial treatment takes into account all facets 

of the disorder10.  

Through the years, psychoanalysts and 

medical researchers have had some dissi-

dence over the most efficient way to treat a 

patient suffering from schizophrenia. While 

antipsychotic medication clearly relieves the 

most debilitating symptoms, some argue that 

the side effects are too risky. Simultaneously, 

psychotherapy improves the quality of life of 

a patient, but questions still arise regarding 

its legitimacy as a complete treatment when 
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syntactic and lexical differences in language 

structures result in cognitive variations 

among people.  Current research backs that 

language affects perception of the world, yet 

shows that perception does exist indepen-

dently of language3. For example, infants of 

different language backgrounds such as Ko-

rean and English exhibit comparable visual 

perception before the acquisition of lan-

guage, even though adults from these back-

grounds do not3.  

The Whorf Hypothesis, proposed by Ed-

ward Sapir and Benjamin Whorf in 1956, 

argues that language entirely shapes our 

thoughts, and the way we see the world.  

Whorf concluded that thoughts are not 

free— they are bound by language.  If this 

idea of strong linguistic determinism is valid, 

then speakers of different languages should 

have little, if any, common perception5.  Cur-

rent research shows that linguistic relativism 

brings up an interesting aspect on the corre-

lation between language and thought.  Do 

variations in language, such as the number of 

words for snow, impact our perception to 

such an extent that language may be a pre-

cursor to thought?  In fact, Eskimos only have 

one word for snow, and current research 

dispels the idea that language solely deter-

mines perception1.  Although thought exists 

independently of language, one’s native ton-

gue does impact his or her perception of the 

world, to a degree2. 

The influence of language on human cog-

nition has been heavily debated in philoso-

phy, linguistics, and now neuroscience. The 

Linguistic Relativity Hypothesis, better 

known as the Whorf Hypothesis, was the first 

attempt to explain this idea.  It claims that 

he misconception that Eskimos 

have a multitude of words for 

“snow” is a popular myth that T 
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does have some validity2, but language does 

not shape one’s thoughts to the extent once 

believed.  

Susan Hespos of Vanderbilt University 

and Elizabeth Spelke of Harvard University 

explored the role of language in infants’ sen-

sitivity to different physical relationships 

between objects, specifically loose-fitting and 

tight-fitting relations.  In English, the prepo-

sitions such as ‘on’ or ‘in’ are used in refer-

ence to two touching objects.  In Korean, ob-

jects are also said to fit loosely or tightly to-

gether. Hespos and Spelke devised an expe-

riment where two groups of 5-month-old 

infants were shown a series of projections 

that demonstrated the tight-loose rela-

tion.  One group of infants came from Ko-

rean-speaking environments, while the other 

came from English-speaking environments. 

The two groups watched a visual depiction of 

two cylinders, where one was smaller than 

the other, enabling it to fit in the larger 

one.  The inside cylinder fit either tightly or 

loosely as it was placed in and out of the 

larger cylinder.  Both the Korean and Ameri-

can infants spent more time paying attention 

to the videos that displayed a change from a 

tight-fitting cylinder to a loose one, or from 

loose- to a tight-fitting one,  than they did to 

the videos that did not have a change in the 

size of the inside cylinder.  The extended at-

tention (measured as the time spent looking 

at the screen) the infants paid to the cylind-

ers indicated that they perceived the change 

from loose- to tight-fitting4. Thus, at 5 

months of age, prior to language acquisition, 

the infants could discriminate between two 

physical relationships that are highlighted in 

Korean but not English. Importantly, the in-

fants share this perceptual ability with adult 

Korean speakers, but not adult English 

speakers. 

The tight/loose relationship experiment 

was devised after another study, which found 

that English-speaking children of an older 

age, particularly 18-23 months, could not 

decipher the tight-loose relationship as well 

as the Korean-speaking children.  The age 

difference of the children in these two differ-

ent experiments is crucial because the 5-

month-olds did not have any language influ-

ence, while the 18-23 month olds were al-

ready speaking in their native tongue.  It ap-

pears that before language acquisition, a uni-

versal thought process exists, and is later 

molded to the lexicon of one’s language. In-

itially, infants of both Korean and American 

backgrounds were able to perceive the 

change in tightness and looseness.  Their un-

derstanding of the change was present with-

out language.  However, as their language 

developed, the English speakers were no 

longer conscious of the change because it 
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was not in the syntax of their language.  That 

does not mean that the understanding of the 

relationship is not present in the brain; once 

pointed out, the difference is obvious to Eng-

lish speakers3. 

Contrary to Hespos’s findings, recent re-

search has shown that language may affect 

cognition, specifically color perception. Jona-

than Winawer and colleagues demonstrated 

that perception of blue hues varies between 

native Russian and native English speakers.  

Russian speakers do not have one word for 

blue like English speakers do. Instead, they 

have a word for dark blue, siniy, and light 

blue, goluboy.  Testing a group of native Eng-

lish speakers and a group of native Russian 

speakers, Winawer set out to determine if 

one group had an advantage in distinguishing 

blue hues.  The results showed that Russian 

speakers could isolate the hue differences 

better especially when the color change was 

acute, or when the stimuli fit well into the 

siniy and goluboy categories2. 

What can be made of these studies?  The 

logical conclusion is to support some degree 

of linguistic relativism.  The varying percep-

tions that exist among speakers of different 

languages are apparent in spatial (tight-

loose) and color perception. The validity of 

linguistic relativism does not seem to be as 

strong as the Whorf Hypothesis once sug-

gested. The tight/loose spatial study pro-

vided evidence for the hypothesis that the 5 

month-old infants appear to have an innate 

understanding of some physical concepts, 

independent of language. 
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The human brain is a remarkably complex 

lump of cells. It has achieved the whole of 

civilization—from the stone tools of Homo 

habilis to that ineffable phenomenon we call 

art. Whether or not the latter achievement is 

evolutionarily advantageous, however, is 

unclear, and has been a topic furiously de-

bated1. Many spheres of human activity, such 

as the arts, not only are prevalent in society, 

but also are even honored as reflections of 

humanity’s greatest achievements. In the 

struggle to survive and reproduce, the arts 

seem biologically meaningless. In this paper, 

I will review Darwin’s theory and its ramifi-

cations regarding the arts, all within the 

framework of neuroscience—in particular, 

visual art and its effects on the human brain. 

I will present a wide range of arguments for 

and against art’s biological purpose, with an 

emphasis on possible evolutionary explana-

tions. Finally, I will conclude by identifying 

art as a meme and suggest that consilience, or 

the bridging of both the arts and sciences, is 
the key to advancing as a species. 

In his seminal work On the Origin of Spe-

cies, Darwin establishes evolution by natural 

selection as the prevailing scientific explana-

tion of diversification in nature. The outlines 

of his theory are conditional but observed in 

all natural environments. His theory states 

that if a population of organisms exhibits 

heritable variation, such as a discrepancy in 

genetic makeup, and if there is a limited 

supply of nutrients in a given environment, 

then there will be competition for survival2. 

Organisms that are best adapted to their en-

vironments—that is, express traits that are 

advantageous for survival and reproduc-

tion—will tend to pass their genes on in the 

form of offspring. Natural selection produces 

the changes in the inherited traits of a popu-

lation from one generation to the next. Cru-

cially, such inherited traits are encoded in an 

organism’s genome. As genetic information is 

passed on and modified, the traits for which 

it codes are subject to natural selection, 

which can lead to changes in populations of 

organisms over time, sometimes even diverg-

 

 

Shortly following the Age of Reason, the 

English naturalist Charles Darwin put forth 

the theory of evolution by natural selection.  
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 ing to form new species. Furthermore, muta-

tions in genes can produce new or altered 

traits, resulting in the appearance of herita-

ble differences between organisms. Over 

many generations, adaptations occur through 

a combination of successive, small, and some-

times random changes in traits. Natural se-

lection of those variants best-suited for their 

environment ensures that, on average, the 

fittest survive in a particular environment.  

Darwin’s theory is the definitive scientific 

explanation regarding how all life originated 

from a common ancestor and how, over bil-

lions of years, single-celled bacteria-like or-

ganisms evolved to give the splendid variety 

of life observed today in nature. In particular, 

Darwin’s theory implies that the human 

brain is a neural workstation, fitted by natu-

ral selection with algorithms and heuristics 

that guide its interactions with the world—

with things that bite, move, taste delicious, 

think, or appeal to our senses3. The brain is 

motivated by innate drives that provided 

biological fitness in ancestral environments, 

such as drives for food, sex, kinship, friend-

ship, status, and knowledge4. The same neur-

al computer that promotes sexual behavior 

to spread its genes, however, also splashes 

colors on a variety of surfaces, combines var-

ious rhythms and sounds, and writes stories 

of princes and lovers and wars. 

In every culture ever documented—from 

the Sumerians to the present day—people 

have told stories and recited poetry, they 

have sung and danced, and they have deco-

rated surfaces and sketched images3. So why 

would the process of natural selection cast 

humans to take pleasure in certain shapes 

and colors, sounds and melodies, stories and 

drama? The visual arts offer a revealing win-

dow into the types of advantageous traits 

that natural selection could favor in appro-

priate environments. About 31,000 years ago 

during the Old Stone Age, a group of hunter-

gatherers in Lascaux, France, reproduced a 

story recalling a recently successful hunt. The 

medium in which their story would unfold, 

however, was vastly different than any be-

fore. They painted the story on cave walls. 

European caves such as those in Lascaux ex-

hibit paintings of various animals, spears, 

and hunters. The most common theme found 

in the Lascaux caves is the hunt5. Clearly, and 

importantly, man’s hunter-gatherer ances-

tors had a life much different than our own. 

Wild game provided fur for warmth and meat 

for energy. It also provided the hunter with 

several opportunities to become skilled at 

coordinating attacks and finding novel ways 

to solve life-threatening problems.  

It has been suggested that such coordina-

tion would have benefited immensely from a 

faculty of forming images or concepts of what 

is not actually present to the senses, other-

wise known as imagination. “Imagination, or 

creative intuition, plays a constructive role: it 

presents novel ideas about reality as possible 

solutions to a [specific] problem”1. Being able 

to approach all sorts of situations—a hunt, a 

seduction, an escape—from a variety of an-

gles is an advantage versus approaching a 

situation unprepared. It follows that a paint-

ing could have provided the painter with a 
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 unique opportunity to practice and play out a 

hypothetical scenario before it occurred. It 

offered a blueprint that visually displayed the 

plan of attack in order to coordinate and fine-

tune a more efficient approach. According to 

this view, the arts indeed can enhance our 

biological fitness and evolved primarily to 

facilitate cognitive development, to provide 

social cohesion, and to give flesh to creativi-

ty6. In particular—and from a Darwinian 

standpoint—the visual arts perhaps evolved 

as sorts of testing zones in which conceptual 

strategies could be applied in a wide range of 

biologically relevant situations. The discip-

lines of anthropology and archaeology will 

help substantiate this hypothesis as more 

ancient paintings are unearthed for analysis. 

Along those lines, the visual arts stimulate 

and promote human cognitive abilities in 

numerous ways. To start, physiologically, the 

eye captures physical data from a chromatic 

surface and, through a cascade of transduc-

tions, converts this data into the language of 

the brain—namely, electrical impulses, 

which travel to the brain and its visual cor-

tices. Subsequently and progressively, “…a 

mental object, an inner representation of a 

painting or object, will take shape”7. These 

mental objects can be manipulated in the 

mind’s eye, a real-time mental workstation 

used for manipulating spatial and visual in-

formation. This quality of mental flexibility 

would have made the visual arts advanta-

geous to our primitive ancestors, for the abil-

ity to simulate an event mentally and visually 

before it occurred would have led to better 

planned and calculated approaches to a va-

riety of situations. For the first time in our 

species’ history, the cosmos could be framed 

in a painting for the viewer to contemplate. 

“For prehistoric man, the use of images prob-

ably testifies to a reflected vision of shapes in 

which the viewer is confronted with an orga-

nized image of his universe, an image of a 

relationship to objects that come into his 

field of perception”7. The creation of images 

reflects a method of organizing sensory data 

with the purpose of acting on the dangerous 

world of nature and defending man from all 

his threats3, a sort of rehearsal for strategic 

action in the hostile environment in which 

our ancestors lived.   

As mentioned before, visual art may be a 

form of reality simulation—“Art provides 

[humans] with visions for articulating and 

testing”1. When a person imagines some-

thing—as when rehearsing a forthcoming 

bison hunt or amorous encounter—many of 

the same brain circuits are activated as when 

one actually takes part in these events. One of 

the most exciting and promising discoveries 

of the past few decades in neuroscience has 

been the identification of  “mirror” neurons, 

which are neurons that fire both when an 

animal acts and when it observes the same 

action performed by another animal8. For 

example, when a monkey pulls a lever, and 

when it passively observes an experimenter 

“For the first time in our species’ 

history, the cosmos could be framed in 

a painting for the viewer to 

contemplate.” 



30 |  

 

 pull the same lever, a system of mirror neu-

rons fire on both occasions without discrimi-

nation. As a result, the neurons “mirror” the 

behavior of another animal, as though the 

observer were in fact acting. It has been hy-

pothesized that mirror neurons fire in re-

sponse to an external stimulus, such as a 

painting, and allow humans to practice sce-

narios in an internal simulation without in-

curring the energy cost or risk of a real-life 

trial3.  

If the visual arts were selected by evolu-

tion to help humans survive and reproduce, 

then there should be universal laws or prin-

ciples found in art that transcend cultural 

boundaries and styles. Cognitive neuroscien-

tist V.S. Ramachandran proposes not only 

that such universals exist, but also that hu-

mans are not the only organisms capable of 

recognizing a work of art. For instance, one of 

man’s recent evolutionary cousins—the rat—

provides a useful model. Various experi-

ments have shown that rats can learn to 

choose rectangles over squares simply if they 

are rewarded with food each time they 

choose the rectangle9. However, if a scientist 

shows the rat an even longer rectangle, the 

rat prefers the longer rectangle to the origi-

nal because it is learning that rectangularity 

implies the reward of food. Skilled artists use 

this technique to create caricatures by ampli-

fying a prominent feature of a person to pro-

duce an image “that looks even more like the 

person than the person himself”9. Other art-

ists also do this to produce sensual images of 

females—that is, by exaggerating the size of 

the breasts and hips, and producing a nar-

rower waste. Ramachandran calls this the 

“Peak Shift” universal in art. An artist takes 

the average female form and subtracts it 

from the average male form, and amplifies 

the difference. The result is an anatomically 

inaccurate but sensual, or “sexy”, image of a 

female9. Artists can apply the same principle 

to males, babies, animals, landscapes, and 

objects in general, to produce a painting or 

scene that both arouses and elicits an emo-

tional response. 

In addition, nature provides a possible 

explanation regarding why humans have 

evolved a capacity to produce and enjoy vis-

ual art. Renowned ethologist Niko Tinbergen 

at Oxford University stumbled upon a result 

fifty years ago in a series of clever experi-

ments on herring-gull chicks that would un-

expectedly suggest a novel neural basis of 

art.  As soon as a herring-gull bird hatches, it 

sees its mother’s yellow beak, which contains 

a red spot on it. The bird pecks at the red 

spot to signal that it wants food from the 

mother. Tinbergen noticed that even if he 

placed a yellow stick containing a red dot 

near the hatchling, the bird still pecked at the 

red spot10. Through millions of years of evo-

lution, the bird’s neural system has learned 

an algorithm: “long yellow thing with red 

spot on it equals mother”9. Interestingly, Tin-

bergen found that by showing the hatchling a 

yellow stick with three red spots on it as op-

posed to one, the bird would poke at it even 

more so than it did to a single-dotted stick. 

He speculated that the neural pathways in 

the bird’s brain fire when it sees a red spot 

but fire even more powerfully when this red 

spot is amplified to three red spots10. In other 

words, a message goes from the beak- 
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 detecting neurons to the brain’s emotional 

systems, saying, “this is a superbeak”9. Rama-

chandran speculates that if herring-gulls had 

a gallery of art, they would hang a yellow 

stick with three red beaks on the wall; the 

herring-gulls would care for it and exalt it as 

a wonderful achievement. Art lovers, of 

course, are not unlike these herring-gulls. 

Ultimately, “through intuition and genius, 

artists have discovered the figural primitives 

of Homo sapien’s perceptual grammar”9. Vis-

ual art taps into these hard-wired proclivities 

and creates for the human brain the equiva-

lent of the long stick and three red spots for 

the herring-gull chicks.  

Another likely universal in visual art is 

the visual metaphor. Western art is saturated 

with metaphors and deep layers of meaning. 

One needs only to look at the Sistine Chapel 

or at a Picasso to appreciate this universal of 

art. As a result, viewing a painting involves 

the highest of functions in the hierarchy of 

the brain:  

this reason, not every scholar of biology is 

sympathetic to the idea that music has an 

evolutionary purpose. Despite the speculated 

advantages provided by the visual arts, many 

biologists still assert that they simply are 

byproducts of evolution. Stephen Jay Gould 

calls this a spandrel—when evolutionary 

forces propagate an adaptation for a particu-

lar reason and something else comes along 

for the journey11. For example, birds evolved 

feathers to stay warm, but they co-opted the 

feathers for the purpose of flying11. Most ac-

tivities that are important for the survival of 

a species, such as eating and sex, are also 

pleasurable; human brains evolved mechan-

isms to reward and encourage these beha-

viors and, by extension, to promote the pass-

ing on of genes. But humans can learn to 

short-circuit the original activities and tap 

directly into these neural reward systems. 

Humans can eat foods that have no nutritive 

value, such as Splenda or Diet Coke, and they 

can have sex without reproducing. In other 

words, as cognitive psychologist Steven 

Pinker puts it, the arts respond to "a biologi-

cally pointless challenge: figuring out how to 

get at the pleasure buttons of the brain and 

deliver little jolts of enjoyment without the 

inconvenience of wringing bona fide fitness 

increments from the harsh world"3. 

The drive to create art as an imitative re-

presentation of nature and human behavior, 

or mimesis, surely is ubiquitous in modern 

man. Perhaps such a faculty facilitates crea-

tivity and suggests that the arts provide hu-

mans with a means of exploring the bounda-

ries of innovation. Interestingly, patients 

with damage to their frontal lobe—the area 

of the brain tucked right behind the eyes, 

involved in decision-making, reasoning, and 

forethought—have difficulty evaluating a 

painting or a scene and its emotional ele-

ments. This suggests that the frontal cortex 

plays a role in the perception of the overall 

organization of figures, as observed in a 

painting, as well as in an understanding of an 

that of reason, because it necessitates a per-

ception of the global rhythm of shapes and 

forms and an assessment of the stylistic 

code—as well as of the numerous levels of 

symbolic representation—and also because it 

is endowed with the faculty of simulation7.  

Visual art thus provides humans with a varie-

ty of inarticulate problems and ideas. “Man 

uses art as inspiration for articulating prob-

lems and ideas for critical examination and 

consideration”1. Accordingly, artists use such 

laws in different combinations, resulting in a 

unique combination of aesthetic universals, 

genius, and culture, the latter which will be 

addressed shortly.   

If the laws of aesthetics evolved such that 

they are represented structurally in the ma-

keup of a human brain, then theoretically 

such neural circuits could be artificially hy-

per-stimulated for the sake of pleasure. For 
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object’s various levels of meaning12. Note 

that this is vastly different than saying that 

the frontal lobes evolved primarily for art. 

The frontal lobe enables the viewer to put 

him or herself in the place of figures in a 

painting, though the process by which the 

viewer perceives a painting’s emotional un-

dertones depends crucially on another neural 

circuit, namely, the limbic system. The limbic 

system—a system of neural structures that 

play a role in painting memories with emo-

tions—“coordinates with the frontal cortex 

to create a sense of identification with the 

particular work of art”7. Still, further imaging, 

lesion, and behavioral studies are needed to 

support any hypothesis claiming art’s evolu-

tionary significance and the neural correlates 

that give us the capacity to imagine.  

In due course, the human brain’s ability to 

connect a viewer with a piece of art perhaps 

evolved as a function of what we consider 

distinctly human features, such as predicting 

other’s behaviors, empathizing, and socializ-

ing. Under this view, the arts are not simply 

aesthetic and emotional manifestations of 

imagination intended to press our brain’s 

“pleasure buttons,” but they are essential 

means by which humanity facilitates and re-

gulates the cognitive machinery on which its 

more highly developed functions rely. 

Still, the question remains why the visual 

arts are celebrated and widespread today. In 

The Selfish Gene, Richard Dawkins coined the 

term meme. Memes are identifiable cultural 

units; they are units of cultural transmission 

or a single unit of imitation13. Examples of 

memes are ideas, catch phrases, and clothing 

fashions. Any catchy tune, memorable work 

of art, or striking idea is a meme. According 

to Dawkins, just as genes propagate them-

selves in the gene pool by leaping from body 

to body via sperm or eggs, memes propagate 

themselves in the meme pool by leaping from 

brain to brain via a process that can be called 

imitation13. Perhaps the arts are memes that 

not only survived but also successfully co-

evolved with the genes predisposing humans 

to creativity. “A painting is a meme of rare 

complexity or, rather, a complex synthesis of 

memes that are transmitted and propagated 

by the painter’s brain…from the work of one 

painter to another”7. Art memes would have 

provided man’s ancestors with an abstract 

tool with which to navigate and understand 

their surroundings. Today, art memes fully 

exploit the brain’s capacity to create and im-

itate. Over several million years, the human 

brain evolved to become the artful brain that 

it is today. Natural selection secured the 

genes—and memes—necessary to survive in 

a particular environment, and thus, overtime, 

perhaps the hard-wiring of the human brain, 

changed in response to art. Genes and memes 

provide an architecture that supports the 

brain, which in turn expresses an innate pre-

disposition for creativity and imitation. In 

short, humans are gene-machines and meme-

carriers, and perhaps art emerges as an in-

terplay between the two. 

Darwin’s theory of evolution helps eluci-

“…memes propagate themselves in the meme pool by 

leaping from brain to brain via a process that can be 

called imitation13.” 
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date why the arts came to be in the first 

place; however, because his theory helps to 

explain the origins of art does not mean it 

explains art away, or diminishes art’s influ-

ence. There is far more to the arts than men-

tal guesswork, practicing various scenarios, 

or displaying biological fitness. Art is used as 

a lens through which the world can be ana-

lyzed visually and understood internally. It 

can give any spectator a sense of harmony 

with humanity and allow him or her to expe-

rience the ineffable.  

Altogether, evolution and art, or in a 

broad sense science and the humanities, can 

be seen as an interdependent system rather 

than polarized views in disagreement. The 

English physicist and novelist C.P. Snow pro-

posed that these “Two Cultures,” science and 

the humanities, increasingly are becoming 

isolated from one another because of a lack 

of communication14. This surely does not 

have to be the case. The biologist Edward O. 

Wilson has replied to C.P. Snow’s lamentation 

by sketching a solution, a process he termed 

consilience. Consilience is the uniting of 

knowledge, the concurrence between two 

inductions drawn from different disciplines 

to create a common groundwork for explana-

tions15. In other words, as humans we strive for 

universal truths about the world, though the 

means by which we arrive at such truths range 

from paintings to formal mathematical proofs. 

Knowledge is a system of interconnected truths 

that can be ultimately abstracted across discip-

lines. The universe, as Newton said, is not just 

orderly but intelligible. 

The time has come for the borders between 

seemingly opposed fields to be blurred, if not 

torn down, though the process has begun. 

Science is investigating what gives humans an 

artistic capacity, while pieces of art give science 

a comprehensive portrait of the brain at work. 

Such an interdisciplinary approach surely will 

be humanity’s most successful attempt at relat-

ing the microscopic happenings of the world to 

the macrocosm of human behavior. In a sense, 

science becomes art when it relies on imagina-

tion to progress into the previously unconsi-

dered, while art becomes science when it re-

veals subtle truths about the material world. Art 

produces instructive imaginary worlds and 

science tests theories for contact with reality—

both views seem mutually inclusive. The result 

is a meme—the meme—that drives our culture 

forward. 
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In 1909, German neurologist Korbinian 
Brodmann completed his magnum opus – 
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modification of the original map and 

most of the century to verify, the func-

tions of most of the “Brodmann Areas” 

are defined and these definitions are still 

used today2. Area 4 is responsible for the 

movement of skeletal muscles, 17 for vi-

sion, 44 for speech, etc. 

While the definitions of both the fine 

cellular structures and functions of these 

a complete map of the human cerebral 

cortex, parcellated into 52 distinct cy-

toarchitectural areas. The idea behind 

the painstaking effort that involved slic-

ing the brains of hundreds of cadavers 

and animals was simple enough: parts of 

the brain that share a common cellular 

structure also share a common physio-

logical function1. Though it took some 

http://www.franticscribbles.com/page3.htm
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  areas have been refined over the years, a tri-

vial yet tremendously important question 

has been asked: how do these Brodmann 

areas come about? Is there a genetic program 

that dictates what an area’s inputs are, how it 

processes those inputs, and where it sends 

the processed information? Or are these 

three critical factors determined by expe-

rience during development? How important, 

if at all, is the environment in determining 

the way each area, and subsequently the 

whole animal, functions?  

These questions represent the modern 

Nature vs. Nurture debate. The implications 

of any conclusion are quite profound: the 

human neocortex is the basis for our most 

complex functions; it is responsible for sen-

sory perception, spatial navigation, reason-

ing, and decision-making. Any theory of cor-

tical development then must be making great 

claims on human nature. 

The idea that the mind is shaped by expe-

rience can be traced back millennia to Aris-

totle, although John Locke’s 17th-century 

formulation is the one most refer to. The psy-

chologist B.F. Skinner took the notion that 

the mind is a blank slate – void of any innate 

organization or tendencies – to an extreme, 

asserting that human nature does not exist 

and that a person’s identity can be formed in 

any chosen way by appropriate developmen-

tal conditioning3.  

The view that the mind is not a blank 

slate, but does have some inherent qualities 

has been out of favor in the 20th century.  The 

idea that some cognitive processes are genet-

ically predetermined has been used to justify 

racism, sexism, and even genocide. Politics 

aside, it is clear that the slate is neither blank 

nor completely full: Nature and Nurture both 

play important roles in development3. What 

remains to be seen is exactly what those 

roles are, specifically in terms of cortical de-

velopment. 

 

The Deprivation Experiments: Probing 

the Role of Nurture in Cortical 

Development 

In the 1960’s, David Hubel and Torsten Wie-

sel pioneered the deprivation paradigm that 

emerged as the classical model to study how 

Nurture (also referred to as experience, ac-

tivity, or extrinsic factors) influences sensory 

cortex development. Normal visual cortex 

has two important features that were ex-

amined in these experiments: Ocular domin-

ance columns are local groups of cells within 

primary visual cortex that receive inputs 

from only one eye; cells in any given column 

respond to inputs from one eye but not the 

other. Orientation columns are local groups of 

cells that respond selectively to a unique fre-

quency of visual input; a cell that responds 

best to a vertical grating does not respond 

much at all to a horizontal one2,4.  

In Hubel and Wiesel’s initial deprivation 

experiments, kittens had one eye sutured 

during the critical period of visual develop-

ment. As a result, most cortical neurons 

ended up responding to stimulation from 

only the non-deprived eye; the lack of input 

from the deprived eye allowed axons from 

the non-deprived eye to take over cortical 

space5. Similarly, in kittens that were outfit-

ted with special lenses that permitted them 

to see only vertical lines during the critical 

period, the majority of cortical neurons came 

to respond only to stimuli of vertical orienta-

tion6. 

Despite the tremendous amount of infor-

mation obtained from these experiments, the 

deprivation paradigm offers only a partial 

picture of the instructive role that visual ac-

tivity plays in cortical development because 

it manipulates the amount of activity rather 

than its electrical pattern7. In other words, 

those experiments tested the effect of little or 

no instruction as opposed to foreign instruc-

tion. This problem was addressed by Mrigan-

ka Sur of MIT, who developed the “rewiring” 
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paradigm, the merits of which are the subject 

of this essay. 

 

Processing Visual Information Using Audi-

tory Cortex 

Sensory information generally passes 

through several stages of processing before it 

reaches cortex; neurons from the sensory 

organ synapse onto a nucleus in the thala-

mus, which in turn sends projections to sen-

sory neocortex2. For example, the visual path 

includes retinal ganglion cells in the eye, the 

Lateral Geniculate Nucleus (LGN) of the tha-

lamus, and primary visual cortex. 

Early in development it is possible to re-

route axons away from the LGN and into 

medial geniculate nucleus (MGN), the tha-

lamic nucleus that is the relay for auditory 

inputs from the ears to auditory cortex. The 

result is simple: axons from the eyes synapse 

onto MGN neurons and visual information is 

thus sent to primary auditory cortex, or A1, 

instead of primary visual cortex8.  

The rewiring procedure exploits the im-

mature nervous system of newborn ferrets, 

in which axons from the retina have not yet 

found their target neurons in the LGN. If the 

LGN is lesioned, retinal axons are left without 

a target; if however, at the same time, affe-

rents to the MGN are removed, retinal axons 

are free to synapse onto MGN neurons. 

Do these “rewired” ferrets then hear with 

their eyes as they mature? Surely not; beha-

vioral testing has shown that these animals 

interpret visual stimuli as vision7. This test-

ing is possible in animals with only one he-

misphere rewired (one side is the experi-

mental group, the other is the control); the 

animals are differentially rewarded for res-

ponding to either visual or auditory stimuli. 

Behavioral responses to visual stimuli pre-

sented to the rewired and control (normal) 

hemispheres were identical to each other 

and different from responses to auditory 

stimuli. In other words, the rewired ferret 

uses its auditory cortex to see! 

Furthermore, in support of Brodmann’s 

theory that function is localized and goes 

hand-in-hand with structure1,9, rewired A1 

develops to grossly resemble an intact pri-

mary visual cortex.  

Whereas normal A1 contains a one-

dimensional map of sound frequency, re-

wired A1 has a two-dimensional map of visu-

al space including an orientation map (ocular 

dominance columns were not tested because 

only one eye projected to the rewired cor-

tex). Likewise, the horizontal connections in 

rewired A1 that are the basis for all orienta-

tion maps are quite unlike those found in 

normal A1 and functionally mirror those in 

primary visual cortex, V18. 

The limitations of prenatal rewiring are in 

the perceptual acuity in the rewired modality 

(vision, in Sur’s ferrets). Sur notes that this 

constraint is most likely due to the types of 

retinal cells projecting to MGN and the hori-

zontal connections between cortical cells8.  

Even though rewired A1 is significantly dif-

ferent from normal A1, it is not identical to 

V1. The orientation map in rewired A1 is not 

as orderly as the map in V17. 

It’s to be expected that the rewired visual 

map in auditory cortex isn’t as neat as the 
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one in visual cortex. This disorder 

refutes the strict depiction of cor-

tex as a blank slate, capable of be-

ing formed into any kind of 

processing module that expe-

rience dictates. Though it is capa-

ble of processing visual informa-

tion, auditory cortex seems meant 

to process auditory information. 

But if auditory cortex is predeter-

mined to process auditory infor-

mation, why then is it at all capa-

ble of undergoing the reorganiza-

tion induced by visual instruction? 

Are these results incompatible? 

How do we reconcile if on the one 

hand, activity alone can produce 

both an orientation map and ocu-

lar dominance columns in foreign 

areas, yet on the other hand both 

of these features are present in 

native areas prior to any sensory 

experience?  

The deprivation experiments 

described above provide evidence 

that electrical activity is required 

to maintain ocular dominance col-

umns5,10. Only several days of mo-

nocular deprivation causes col-

umns from the sutured eye to 

dwindle. Likewise, cells that would 

normally respond to lines of dif-

ferent orientations respond to 

lines of only one orientation (e.g. 

vertical) in cats fitted with the 

special lenses, also as described 

above.  Proof that electrical activi-

ty is required for the maintenance 

of visual modules in V1 comes 

from experiments that show that 

visual modules in V1 are disrupted 

when electrical activity is silenced; 

blocking patterned electrical activ-

ity disrupts maps in visual cortex 

in the same way that deprivation 

does14,15,16. So it is clear that activi-

ty is necessary for the upkeep of 

these visual modules. The ques-

tion then becomes, is it sufficient?  

After considering rewiring expe-

riments, it is clear that visual ac-

tivity in auditory cortex induces, 

as well as maintains, visual mod-

ules. Therefore, “maintenance” is 

activity that favors those connec-

tions and is strong enough to in-

duce them if they are absent. It 

follows, then, that the term “main-

tenance” does not fully capture the 

role of electrical activity.  

 

Exaggerated Claims? 

Some disagree with the notion 

that cortex is as plastic as the re-

wiring experiments suggest. Ste-

ven Pinker argues that the plastici-

ty demonstrated in Sur’s rewired 

ferrets isn’t as extraordinary as it 

seems (even though the experi-

ments themselves are remarka-

ble)3. The rewired auditory cortex 

with visual inputs, he argues, does 

the same computations that nor-

mal auditory cortex would do; the 

fact that connections between 

primary auditory cortex and high-

er-level auditory centers remain 

unchanged in the rewired animals 

suggests that processing done by 

the rewired A1 isn’t significantly 

different from the processing that 

normal A1 normally does. 

Could it be possible that the 

processing of auditory signals is 

comparable to that of visual sig-

nals? Pinker argues that it is: 

“the rewired ferret 
uses its auditory 
cortex to see!” 

But is this convincing? Sensory 

experience, be it visual, auditory, 

or tactile, is encoded by neural 

signals; axons from a sensory or-

gan transmit information from the 

external world as electrical signals 

to the central nervous system. As 

Sur emphasized, the logic of rewir-

ing visual information into audito-

ry cortex is that the signals about 

visual information have a spatial 

and temporal pattern that is signif-

The mind treats soundmakers 

with different pitches as if they 

were objects at different loca-

tions, and it treats jumps in pitch 

like motions in space… Neurons in 

the auditory cortex that ordinarily 

detect rising or falling glides, rich 

or pure tones, and sounds that 

come from specific places may, in 

the rewired ferrets, automatically 

be capable of detecting lines of 

specific slants, places, and direc-

tions of movement. REF. 3 
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icantly different from the pattern 

of auditory signals8. If this is in-

deed the case, then it would be 

logical to conclude that the mind 

does not treat physical visual space 

in the same manner as it does au-

ditory signals. It follows then, that 

auditory cortex neurons had to 

adapt somehow to be able to 

process visual information in an 

altered system. Those adaptations, 

outlined above, manifest them-

selves primarily in horizontal con-

nections within A1, the introduc-

tion of a two-dimensional visual 

map, and most significantly, orien-

tation columns.  

Moreover, after years of re-

search, no one has yet to discover 

any simple stimuli that produce 

systematic responses in primary 

auditory cortex neurons the same 

way that slanted lines or bars acti-

vate neurons in visual cortex17. 

This may be explained by the fact 

that A1 is much higher in the audi-

tory processing stream than V1 is 

in the visual processing stream.  

Perhaps the role of experience 

as a maintenance-only force could 

be discarded based on the results 

of several yet-unperformed expe-

riments. For example, if auditory 

afferents were redirected into vis-

ual cortex, would visual cortex 

lose its two-dimensional map, ocu-

lar dominance columns, and orien-

tation modules? If it does, one may 

conclude that the ability of activity 

to induce structural changes (ones 

that correspond to a one-

dimensional map of sound fre-

quency in this case) in cortex is 

universal, at least across the pri-

mary sensory cortices.  

How somatosensory informa-

tion comes to dominate V1 in 

congenitally blind subjects 

Fortunately rewired ferrets aren’t 

the only exemplar of cross-modal 

plasticity. fMRI studies have 

shown that the visual cortex of 

congenitally blind humans – indi-

viduals blind from birth – is acti-

vated during Braille reading, a 

seemingly purely tactile task. 

Does the reorganization ob-

served in the visual cortex of the 

congenitally blind fall in line with 

the type of plasticity considered 

thus far? Does the visual cortex in 

these people receive novel soma-

tosensory projections that it nor-

mally does not?  

The “rewiring” explanation 

would argue that no input from 

the retina to LGN may lead to gen-

eral atrophy of cells in LGN26 un-

less axons synapsing on neighbor-

ing thalamic nuclei – ones that 

might normally relay to primary 

somatosensory cortex – migrate to 

take over the “empty real estate,” 

the denervated LGN neurons18. 

Incoming somatosensory informa-

tion would then ascend to both 

somatosensory cortex and visual 

cortex. This kind of migration has 

been observed in retinal axons in 

the LGN to denervated MGN neu-

rons, as shown by Sur.  

A more parsimonious explana-

tion is that visual cortex is re-

cruited for Braille reading in the 

congenitally blind through connec-

tions that are, in fact, supposed to 

be there in the first place. This 

“unmasking hypothesis” post-

ulates that the supposedly new 

connections aren’t new at all, but 

rather exposed connections that 

were laid down in normal devel-

opment27. Three examples of such 

connections have been found, each 

of which normally competes for 

cortical space with the axons from 

LGN. 

For example, Brodmann Area 

19, normally responsible for high-

er-order visual processing, re-

sponds to somatosensory stimula-

tion in monkeys deprived of visual 

input early in life19,20. Area 19 

sends feedback projections to V1 

that may be strengthened when 

inputs from LGN atrophy, thereby 

activating V1 during tactile stimu-

lation such as Braille reading. It 

must be noted that this kind of 

reorganization, even though first 

shown in the congenitally blind, 

has also been demonstrated in 

normal-sighted subjects – twenty 

minutes of blindfolding is enough 

for tactile stimulation to activate 

visual cortex28. 

Additionally, physiological and 

DTI studies show that the thalamic 

somatosensory/ association relay 

– the pulvinar – sends projections 

directly to V121,22. These normally 

weak projections from the pulvi-

nar to V1 could be also be streng-

thened if V1 lost input from LGN. 

Likewise, primary auditory cortex 

has also been shown to project to 

V123, specifically to parts that me-

diate peripheral vision. This con-

nection may be responsible for the 

enhanced peripheral vision in the 

congenitally deaf because when it 

withers, visual inputs to V1 no 

longer have to compete with the 

auditory ones19.  

Overall, the principle behind 
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Conclusion 

The question of what determines an individual’s 

identity has plagued mankind for thousands of years.  

Schools of thought rooted in philosophy and psy-

chology have often advocated for either experience 

or inherited factors as the true determinants of cha-

racter, and while it is now clear that neither is domi-

nant, the exact roles of each remain unconfirmed. 

Although simple traits like height, eye color, and 

even probabilities of contracting some diseases have 

been established as genetically determined, compli-

cated attributes such as personality or cognitive abil-

ity – traits that are determined by neural circuits – 

have been rather elusive. Therefore, a look at how 

the brain is wired during development and what in-

fluences the wiring will give insight into what makes 

us who we are.  

While the experimental paradigms illustrated 

above primarily address the role of extrinsic factors, 

or Nurture, advances in genomics will soon allow for 

experimental manipulations of Nature, thereby es-

tablishing the roles of both extrinsic and intrinsic 

factors in behavior and the brain concretely.  

Of course, Nature and Nurture are not mutually 

exclusive; genes and experience both play tremend-

ous roles in successful development. It has been 

known for some time that patterns of neural stimula-

tion can trigger the expression of genes24 (as in the 

LTP process, for example), so advances in molecular 

biology have only blurred the line between Nature 

and Nurture25. It is certain now that no extremist 

position on the contributions of Nature and Nurture 

will prevail. What remains to be seen is whether we 

can successfully disentangle the interactions be-

tween the two forces.  

 



 | 41 

 

 

 

arrangement of orientation 

columns in monkeys lacking 

visual experience. Journal of 

Comparative Neurology 158, 307-

18 (1974). 

12. Crair MC, Horton JC, Antonini A, 

and Stryker MP. Emergence of 

ocular dominance columns in cat 

visual cortex by 2 weeks of age. J. 

Comp. Neurol 430, 235–249 

(2001). 

13. Crowley JC, Katz LC. Early 

development of ocular dominance 

columns. Science 290, 1321–1324 

(2000). 

14. Crair MC, Gillespie DC, Stryker MP. 

The Role of Visual Experience in 

the Development of Columns in 

Cat Visual Cortex. Science 279, 

566-70 (1988). 

15. Berardi N et al. Molecular basis of 

plasticity in the visual cortex. 

TRENDS in Neurosciences 26 

(2003). 

16. Stryker MP, Harris WA. Binocular 

Impulse Blockade Prevents the 

Formation of Ocular Dominance 

Columns in Cat Visual Cortex. The 

Journal of Neuroscience 6, 2117-

33 (1986). 

17. King AJ and Nelken I. Unraveling 

the principles of auditory cortical 

processing: can we learn from the 

visual system? Nature 

Neuroscience 12, 698-701 (2009). 

18. Schneider GE. Mechanisms of 

Functional Recovery Following 

Lesions of Visual Cortex or 

Superior Colliculus in Neonate 

and Adult Hamsters. Brain Behav 

Evol 3:295-323 (1970). 

19. Bavelier D, Neville H. Cross-modal 

plasticity: Where and how? 

Nature Neuroscience Reviews 3, 

443-51 (2002).  

20. Sadato N et al. Activation of the 

primary visual cortex by Braille 

reading in blind subjects. Nature 

380: 526-8 (1996). 

21. Kaas JH, Lyon DC. Pulvinar 

contributions to the dorsal and 

ventral streams of visual 

processing in primates. Brain Res 

Rev 55, 285-96 (2007). 

22. Leh SE, Chakravarty MM, Ptito A. 

The connectivity of the human 

pulvinar: a diffusion tensor 

imaging tractography study. Int J 

Biomed Imaging 2008, 789539 

(2008). 

23. Falchier A, Clavagnier S, Barone P, 

Kennedy H. Anatomical evidence 

of multimodal integration in 

primate striate cortex. Journal of 

Neuroscience 22, 5749–59 (2002). 

24. Cavallaro S, D’Agata V, Manickam 

P, Dufour F, Alkon DL. Memory-

specific temporal profiles of gene 

expression in the hippocampus. 

PNAS 99: 16279–84 (2002). 

25. Pinker S. Why Nature and Nurture 

Won’t Go Away. Daedalus 133, 5-

17 (2004). 

26. Gill JP and Wadsworth J. Retro-

grade Transsynaptic Degenera-

tion of the Inner Nuclear Layer of 

the Retina. Investigative Ophthal-

mology and Visual Science 6, 437-

448 (1967). 

27. Kadosh RC and Walsh V. Cognitive 

Neuroscience: Rewired or Cross-

wired Brains? Current Biology 

16(22), 962-3 (2006).  

28. Merabet LB et al. Combined Activa-

tion and Deactivation of Visual 

Cortex During Tactile Sensory 

Processing. J Neurophysiol 97, 

1633-41 (2007).





the animals. We fall in love as a function of 
the greater brain and emotional capacity we 
have been endowed with by evolution. 
Animals have less brain mass than humans 
do, particularly in the cortex, the region 
associated with higher-level thought 
processes, so it seems only logical that they 
would be unable to generate abstractions 
such as “feelings.” And yet, the research done 
with Michrotus ochragaster, a monogamous 
species of vole, challenges the traditional 
understanding of how the feelings associated 
with love, trust, and simple companionship 
are generated by animals. In fact, the study of 
these species of vole suggests that genes 
predispose some to an innate tendency 
towards a concept as culturally engrained as 
monogamy. 

Michrotus ochragaster, the prairie vole, 
first noted as a possible source of 
information regarding pair-bonding, shows 
significant fidelity and duration of typical 
pair-bonding to the extent that as many as 
70% of widowed voles do not form a new 
pair-bond later in life1. This social bond is 
catalyzed specifically by two 
neurotransmitters: arginine vasopressin 
(AVP) and oxytocin (OT). In males, AVP is 
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Love has long been regarded a truly human 

emotion – something that separates us from  
thought to be the predominant chemical 
responsible for their ability to pair bond, 
while OT shows a similar importance in 
females2. 

 
Neurotransmitters and their Activity in 
Voles 
This marked response that AVP generates in 
the male prairie vole has been shown to 
correlate with a higher density of the 
corresponding receptors (V1aR) in the 
ventral pallidum, a feature not shared in its 
closely-related polygamous cousin species of 
vole, the montane vole2. Neural firing in the 
ventral pallidum is associated with 
“hedonistic” impulses in organisms, 
suggesting that AVP’s increased effect leads 
to higher activity in the brain's "reward" 
pathways3. And since AVP is released as a 
result of the sensory input from sexual 
interaction in male prairie voles, the animal's 
mate becomes a stimulus triggering these 
reward sensations in the male, increasing his 
social cueing towards his partner, and 
forming a more concrete pair-bond. The 
resulting cueing is not simple mate 
preference but also increases in mate 
guarding and similar protective acts- 



aggressive behaviors traditionally associated 
with AVP. The key difference is that typical 
AVP increases lead to general increases in 
aggression, while these changes are directly 
correlated to interactions between a male 
and his mate2. 

Despite this association, strong pair 
bonding itself is largely due to reward 
circuitry, but the ventral pallidum and its 
activity are not considered the primary 
reward pathway; the dopaminergic pathways 
located largely within the mesolimbic system 
have instead been found to be highly-
correlated to reward and positive 
reinforcement4. Studies show that activation 
of D2 receptors in the ventral tegmental area 
and their neuronal projections into the 
nucleus accumbens, as well as other parts of 
the brain, are critical to the sense of pleasure 
and conditioned reward association and are 
naturally stimulated by processes such as 
eating and mating4. 

The overlap between the dopaminergic 
pathways and those of AVP exists on two 
levels: the mating act itself and the integrated 
neural circuitry. The act of mating results not 
only in increased AVP levels, but also in a 
sharp increase in dopamine (DA) levels. But, 
as shown by studies in polygamous rats, 
increasing DA levels alone does not generate 
monogamous behavior3. This implies that the 
high V1aR density in voles modulates the 
dopaminergic pathways and correlates the 
increased reward sensations with mate 
preference, leading to pair-bonding in 
males5. 

But even beyond these changes, the DA-
modulated pathways are further altered by 
mating. The D1 receptors in the mesolimbic 
system are inhibitory and have been shown 
to block reward stimulus and be an effective 
opposing force to D2 receptors, and, after 
male prairie voles mate and form their pair-
bond, a massive up-regulation of D1 
receptors takes place3. One might logically 
conclude that this prevents the pair-bonding 
act, but it is believed to actually reinforce 
social cueing by stopping any further pair-
bonding with voles other than the male’s 
mate. Though this occurrence has not been as 
fully explored, studies have made very strong 

suggestions towards this explanation, and 
the reader should be aware of its existence. 

Paralleling the studies done in males, 
research in females has shown that the key 
element to female vole social cueing lies not 
with AVP, but OT and its high receptor 
presence in the nucleus accumbens6. The 
prairie vole shows distinct changes in density 
and distribution of its OT receptors, similar 
to the changes in AVP receptors, from its 
cousin the montane vole and this is believed 
to increase the female’s social recognition of 
its mate, as OT-release occurs concurrently 
with AVP during the mating process5. As 
previously mentioned, activity in the nucleus 
accumbens has been associated with reward 
pathways and OT activity likely stimulates 
very similar pathways as AVP does in males. 

The specific function of OT seems to be 
“social memory,” or the female’s level of 
companionship with its mate, stimulated by 
increased reward sensations similar to what 
AVP generates in males. This function was 
discovered by showing that the intracerebral 
introduction of an OT antagonist results in 
“social amnesia” in female prairie voles, and 
afterwards no preference of company 
between a previous mate and a new one7. 
Where AVP causes males to show preference 
by protective behavior towards its mate, OT 
instills a female with a “trust” towards its 
mate, shown by increased contact and time 
with its partner. 

At this stage though, the quantity of 
research done on OT pathways in prairie 
voles is significantly less than that of AVP 
studies; what occurs underlying pair-bonding 
in females remains less clear, despite the 
theories, because the research performed has 
shown less clear-cut data regarding female 
voles than those examining males. This result 
is likely due to the minimal differences in OT 
receptor distribution between male and 
female voles and the relatively unknown 
effects of non-DA neurotransmitters in the 
nucleus accumbens shell and core8. The 
problem at this stage is a matter of 
discerning why OT seems to have little effect 
on males and such a profound one on females 
despite no significant, identifiable difference 
in physiology, as described above. 
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The Underlying Genetics of Voles 
In any case, the establishment of both AVP 
and OT as essential in vole pair bonding has 
lead to the logical next step: genetic analysis 
of the coding regions associated with the 
receptors of these neurotransmitters. In 
comparative studies with montane voles, 
both types of receptors are nearly 
functionally, structurally, and genetically 
identical between species of vole and yet, 
they seem to almost single-handedly change 
a species of vole from monogamous to 
polygamous, or the other way around6. The 
difference then must lie in the promoter and 
enhancer regions associated with AVP and 
OT receptor genes and in the locations of 
activity of these two sequences. 

Through analysis of the V1aR gene in 
male prairie voles, a simple microsatellite 

increased social activity and pair bonding 
potential in accordance with expectations9. 
The remarkable fact here is that a single 
promoter for a single gene was able to 
change one species to an almost identical 
behavioral twin of another that shares next 
to none of the same complex social traits. 

Attempts have been made to similarly 
identify promoter regions unique to prairie 
voles that control OT receptor density and 
distribution, but no cis-acting elements like 
the V1aR repeat polymorphism have been 
isolated8. In its overall distribution and 
purpose, OT is a complex molecule of action 
in males but even more so in females, for the 
role it plays in inducing labor and proper 
maternal care10. As such, the genetic basis for 
OT's effects on pair-boding remains mostly 
theoretical at this stage, and more research is 
required to isolate the important regions 
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needed to generate the high density of OT 
receptors found in the nucleus accumbens of 
prairie voles. 

What may be most revolutionary about 
the study of monogamy through prairie voles 
is the simplicity of the model. Biologists 
always search for the simplest organism that 
can be reasonably used to identify, isolate, 
and alter a given pathway within an 
organism's overall physiology. The problem 
with studying a phenomenon like monogamy 
is the complexity of such a social behavior, 
which means that the best model for its study 
cannot be as “simple” as other traditional 
biological models.  Organisms simple enough 
to control every aspect of besides the one 
under study, such as the standard for study 
of developmental biology, Caenorhabditis 
elegans, do not have the biological 
complexity necessary for this kind of social 
interaction.  Accepting this fact, the prairie 
vole is about as ideal a model as possible. 
While the mechanisms underlying female 
pair bonding are far from clear, the male 

polymorphism was found that is not shared 
with the montane vole, and the result is a 
sizable difference in the length of this region 
just 5’ of the V1aR gene. This promoter 
stretch is conserved across prairie voles and 
is almost 3 orders of magnitude greater than 
that of its cousin9. Studies then confirmed 
that this stretch of DNA can be artificially 
lengthened to lead to prairie-vole-like 
behavior in montane voles or shortened to 
lead to montane-vole-like behavior in prairie 
voles8. The differences were not limited to 
the ability of voles to pair bond: longer-
repeat prairie voles groomed their partners 
more and spent more time with their young 
than shorter-repeat voles did9. 

Visible confirmation of the genetic 
differences was obtained by autoradiograph 
of prairie voles with varying sizes of these 
microsatellite polymorphisms. 
Correspondingly, a direct increase in V1aR 
density could be seen as the DNA in this 
promoter region increased, and the 
autoradiographed prairie voles showed 



46 |  

 

model is concise and relatively easy to work 
with. Alteration of a single DNA 
microsatellite leads to a relatively 
consolidated and identifiable change in brain 
chemistry and the results can easily be 
quantified and studied in-depth. The test of 
the prairie vole’s importance to the typical 
person though lies with the ability to 
translate studies of vole behavior to studies 
of human behavior, though humans are 
significantly more complex and the 
distinction between neurological hard-wiring 
and cultural practice is difficult to identify. 

 
Neurotransmitters and their Activity in 
Humans 
Studies on the activity of AVP in humans 
have indeed shown similar effects to that of 
AVP in voles regarding its general release 
and overall importance to the act of mating in 
males. As in voles, AVP has been 
demonstrated to be released after mating 
and work as a social cueing mechanism in 

preparation for reproductive interactions, 
but unlike in voles, this increase has not 
shown the same kind of specificty in its 
pattern of release or location of action in 
mating or otherwise. Instead, AVP release in 
humans stimulates general adrenergic 
pathways and glucocorticoid release that are 
used to mate as well as cause further 
cascades of hormones in the male body. 

Ancestrally, AVP was strictly an anti-
diuretic hormone, but it has been derived to 
signal the reproductive act in males; 
vasopressin’s effects can be traced to both 
blood vessel dilation and increases in blood 
pressure, brought on in part by its original 
function to maximize water retention as well 
as the actions of the other hormones it 
triggers11. Another effect is a general 
increase in aggression, though not directed 
solely towards mate protection, which 
correlates to adrenergic and glucocorticoidal 
stimulation12. As a result of the wider 
diversity of its actions, the direct influences 
of AVP alone on male or female behavior 
have not been identified in detail, but the 
basic principles of action are thought to be 
understood since much of the distribution 
and theorized pathways of AVP receptors 
appear to be shared between voles and 
humans. 

The original evolutionary effects of OT in 
females are related to mostly to parturition. 
This function has been shown to extend to 
pair bonding in voles as previously 
mentioned, but in humans it has typically 
shown correlation only to more general 
affectionate care, such as grooming; 
management of nociception - the processing 
of pain signals; and anxiety13. Whereas AVP 
has been significantly derived from its 
original role modulating renal function, OT 
has been more conserved in its activity, 
allowing for an easier study of its effects. And 
though these neurotransmitters’ locations of 
action within the brain are more varied than 
that of voles, experimental evidence has 
shown that much of collected data have 
application to humans13. 

Since oxytocin has shown few toxic effects 
when administered intranasally, its effects 
have been well-studied in humans; research 

 

 

 



has found its activity to be a large factor in 
interpersonal trust and general social 
cueing14. Higher levels of OT in humans have 
shown correspondence with higher levels of 
trusting behavior in laboratory studies and, 
based on the understanding of OT’s high 
release during the mating act, the data in 
humans supports a hypothesis that central 
OT signaling is influential in pair-bonding. 
Given the data at hand, OT’s activity in 
humans seems more analogous to its rodent 
counterpart than is AVP’s. The consistency of 
increased grooming, social cueing, and 
overall trust seen in human female with 
female voles points towards a higher 
conservation of OT's functions across female 
mammals than AVP’s or other 
neurotransmitters’ actions in male 
mammals13. As such, further studies on OT 
will likely reveal increasing similarities of 
action and concretely show the importance 
to human female pair bonding behavior. 

Since the basic physiological relationships 
between AVP and OT in voles and humans 
have been examined, the next step is to 
compare the genetics of the two organisms 
and examine relevant similarities and 
differences in the the AVP and OT receptor 
genes as well as their related promoters, 
enhancers, etc. The easiest target for study is 
that of the AVPR1A gene in humans, a direct 
homolog to the V1aR in prairie voles. Based 
on the overwhelming evidence of the power 
of the 5’ microsatellite in voles, the 
surrounding polymorphisms of the gene have 
been thoroughly examined for correlations 
with monogamy. Despite the difficulty of 
accurately examining human 
neurochemistry, a relationship has been 
found between the presence of two copies of 
the RS3 allele 334 polymorphism and the 
reported happiness by both the male and his 
partner in a monogamous relationship15. 

The lack of this allele versus the presence 
of a single copy has shown only small 
changes in reported contentment in 
relationships, but the presence of two of 
these alleles has been found to correspond to 
increased fighting, marital troubles, and 
likelihood of cohabitation of partners instead 
of marriage. The obvious suggestion is that 

two copies of this polymorphism is similar to 
shortening the microsatellite promoter 
region in male voles; the allele seems to 
reduce affinity for transcription and 
production of AVP receptors, decreasing the 
predisposition towards monogamy15. 

The evolutionary basis for having this 
kind of regulation of AVP receptors is quite 
explicable. For one, decreased sensitivity to 
AVP may reduce spontaneous aggression and 
some of the debilitating effects of stress on 
the human brain. This may in turn help 
maintain organization of the natural social 
hierarchy of human groupings despite the 
somewhat counterproductive effect of 
destabilizing mating interactions. In any case, 
the data from this study points towards an 
innate difference in some males’ tendency 
towards monogamy, a fact that may leads to 
biological questions as well as a number of 
social ones.  Some may point this study and 
conclude that some men are just "not meant 
to be" in monogamous relationships, but that 
statement is hardly answerable as will be 
discussed. 

The genetic basis of OT receptor 
distribution in humans has yet to be 
concretely elucidated with regards to social 
organization, largely due to similarities 
between OT genes in human males and 
females and a lack of differentiation in 
activity except in cases of pregnancy and, 
theoretically, maternal care16. Still, the 
remarkable consistency in the results 
between experiments in voles and those in 
humans suggests a high conservation of 
overall action of OT. The major dilemma in 
studying any neurotransmitter in humans is 
the delicacy of the system that is infinitely 
more complex than that of the model, and 
even the model organism here does not 
demonstrate a simple system for OT. As a 
result, the expectation of a clear cause-effect 
model for OT is likely out of reach until it can 
first be isolated in prairie voles and studied 
conclusively there. 

Ultimately, we must ask what all this data 
means and how definite these studies of 
genetics and neurobiology have been. The 
data at hand is solidly conclusive with 
regards to AVP and its roles in voles and is 
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even very convincing when discussing OT's 
overall effects, if not its mechanism and 
location of action.  What will concern the 
majority of readers though are the social 
questions many will feel this model of pair-
bonding raises. 

Simply put, we are not voles. The 
pressures on human society prior to 
civilization and the effective end of evolution 
are factors not shared with the prairie vole. 
Psychologists, philosophers, non-academics, 
and even some biologists might disregard the 
presented information as part coincidence 
and part scientific attack on cultural 
institutions, but those reactions are simple 
forms of paranoia in the face of rational 
attempts at understanding complex 
behaviors.  When earlier studies examining 
biological differences in homosexual men17 
or links between genetics and one's 
spirituality18 were released, many called the 
research into question on the basis of 
religious or personal beliefs and failed to 
even examine the underlying science.  The 
correct manner to tackle provocative 
research with is objectivity and an open-
mind; the discoveries at hand may be ones 
that will shape history in the future. 

And though research has found genes 
related to spirituality, sexuality, even 
antisocial tendencies, these have always been 
general relationships, not concrete ones. 
When one considers the possible effects of 
something as incredibly powerful as the 
human cerebral cortex, it is clear that few 
social behaviors are pure hard-wiring; 
rather, genetics provide a physiological 
canvas, mapping out how cells will function 
during development, but the nature of the 
human brain coupled with the uniqueness of 
any individual's post-natal experience are 
likely just as critical to any patterns of 
complex behavior.  In fact, any article 
claiming to have found the gene responsible 
for "X", where "X" is anything behaviorally 
complex, must be read with a measure of 
cynicism and a sense of the power of one's 
cerebral cortex. Pigeonholing a single cause 
to a large effect is scientifically irresponsible. 

The examined studies of prairie voles 
provide conclusive evidence, showing that 
AVP and OT, through their interactions with 

reward pathways during the mating act, can 
almost single-handedly shape the voles’ 
ability to pair-bond and be monogamous. 
Higher AVP receptor density leads to 
stronger pair-bonding in males, and higher 
OT release leads to stronger pair-bonding in 
females, with little overlap between the two. 
Experimentally decreasing AVP receptor 
sensitivity and using OT antagonists have 
confirmed these simple relationships 
through the resultant forms of social 
behavior radically inconsistent with the 
natural prairie vole model. The V1aR 
microsatellite in male voles can almost be 
singly traced to the inter- and intra-specific 
variations in monogamous behavior. The 
strength of these studies lies in their definite 
results and simplicity. 

Still, scientists are nowhere near the 
complete understanding of mating systems in 
voles, let alone humans, but the studies in 
voles have noticeably altered the scientific 
perspective on how social interactions take 
place and pair-bonding forms in any 
mammal. The mediation of dopaminergic 
pathways by AVP and OT emphasizes the 
incredible complexity of the brain’s 
evolution. Though the logical leap from the 
original functions of AVP and OT to their 
current derived ones is not great, the high 
conservation of purpose these two chemicals 
show across mammals is somewhat 
astounding and reinforces the validity of the 
prairie vole model for future understanding 
of human mating systems. 

In light of this data, monogamy likely has 
an important place in human society as more 
than just a cultural institution. While the 
human cerebrum is incredibly powerful, it is 
still ruled at some level by natural human 
instincts such as pair-bonding and protection 
of mates and offspring. Treating monogamy 
as an artificial construct ignores the 
consistency of overall human behavior with 
other mammals and disregards the 
fundamental principles that lead us to use 
animal models of behavior in the first place. 
We are mildly sexually dimorphic creatures; 
men are typically larger and hairier, have 
increased muscle mass, and show different 
patterns of behavior from women.  As a 
general rule for mammals, the more sexually 
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 dimorphic an animal is, the more likely it is not 
strictly monogamous.  In the case of humans, we are 
by no means significantly different between genders 
on the scale, and there is a large pool of data for and 
against monogamy as a natural practice. 

The simple answer at this stage in our overall 
understanding of human sociobiological drives is 
that model studies can only provide a basic 
framework for what occurs in humans.  Evolution is 
a frugal creature and works to conserve as many 
useful biological tools as it can.  As such, there are 
sound theoretical backings for why we see "human" 

traits and behaviors in more primative mammals, 
and we should look to them as a first resource for the 
study of our own actions.  Still, completely 
understanding complex human behavior is as 
difficult a task as studying the evolutionary 
processes that got us to this stage.  The proper 
response to these academic hurdles, though, is to 
continue our self study through the appropriate 
biological models and dedicate ourselves to 
unraveling the fundamental principles that govern 
complex behaviors. 
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AN INTRODUCTION TO EPILEPSY 

Epilepsy is one of the most common 

neurological disorders affecting men and 

women of all ages; the Center for Disease 

Control reports that about 2.5 million 

Americans suffer from the disease1.  In the 

brain, different regions communicate with 

each other by transmitting electrical signals, 

but abnormal or excessive neuronal (and 

thus, electrical) activity generates seizures 

characterizing epilepsy. Seizures can 

manifest themselves differently, sometimes 

causing convulsions, sometimes altered 

mental states. Though there are non-epileptic 

seizures, for the purpose of this review the 

term “seizure” will specifically refer to 

epileptic seizures.  In addition to seizures, 

epileptics often show cognitive dysfunction, 

behavioral impairments, and many 

associated comorbid disorders.  As such, it is 

critical to understand the nature of the 

disease.   

Neuroimaging has only just begun to play 

a large role in the study of seizure disorders, 

but the techniques have already made key 

impacts toward understanding epilepsy.  

Researchers hope to learn more about the 

underlying basis for the cognitive 

disruptions, comorbid disorders, and 

consequently epilepsy itself.   

 

Classifications 

There are several classifications that are 

helpful in distinguishing between different 

types of seizures.   The first main distinction 

is determined by the spreading activation of 

the seizure.  A generalized seizure occurs in 

both cerebral hemispheres, whereas a partial 

seizure, also known as focal seizure, only 

occurs in one cerebral hemisphere. 

Generalized seizures can be further 

broken down into four main classes: tonic-

clonic, myoclonic, atonic, and absence 

seizures.  Generalized tonic-clonic seizures, 

previously known as grand mal seizures, 

include the stiffening (tonic) then jerking 

(clonic) of limbs.  Myolconic seizures are very 

brief muscle contractions.  Atonic seizures 
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are characterized by the sudden loss of 

muscle tone, and absence seizures, 

previously known as petit mal seizures, are 

sudden lapses in awareness.  Moreover, focal 

seizures can be subdivided into simple and 

complex seizures, wherein the sufferer is 

either conscious or unconsciousness, 

respectively, during the attack2. 

Differentiating between classes of 

seizures is not the only way to classify 

epilepsy.  Often an epilepsy syndrome, 

characterized by “a complex of signs and 

symptoms that defines a unique epilepsy 

condition… [and] involves more than just the 

seizure type,” is the root of the patients’ 

symptoms3. One of the most common and 

thus most commonly studied types of 

epilepsy syndromes is Temporal Lobe 

Epilepsy (TLE).  TLE is caused by partial 

seizures that originate in the temporal lobe, 

often specifically in the medial temporal lobe.  

Manifestations of TLE include convulsions in 

addition to behavioral and cognitive 

symptoms such as auras (sensory 

experiences that precede a seizure) and vivid 

memories4.  

Though most epileptic activity is brief, 

there are rare cases when the seizure does 

not end, or ends and then immediately begins 

again.  This phenomenon is known as status 

epileptus and is a potentially life-threatening 

occurrence5. 

Usually electroencephalography (EEG) is 

employed to diagnose and classify epilepsy.  

EEG is a measurement of electrical currents 

produced by large populations of neurons 

firing synchronously.  Measuring interictal 

epileptiform discharges (IEDs) is critical to 

the diagnosis of epilepsy. Epileptiform 

patterns are “distinctive waves or complexes, 

distinguished from background activity, and 

resembling those recorded in a proportion of 

human subjects suffering from epileptic 

disorders”6.  Therefore, IEDs reflect the 

epileptiform discharges between seizures.  

EEG is an ideal method for detecting and 

classifying IEDs.  Though there are 

subcategories of IEDs, it is more important 

that IEDs are identified so that, in 

conjunction with a patient’s history and 

description of seizure activity, a diagnosis 

can be confirmed.  EEG is safe, cheap, and 

accessible and is thus the preferred method 

for diagnosing epilepsy and monitoring 

seizure activity.  However EEG is limited 

since it does not reveal anything about the 

pathophysiology of the seizure activity.   

 

Pathophysiology 

Epilepsy manifests itself as an incredibly 

complex disorder, and so it would follow that 

more than one mechanism underlies seizure 

initiation.  For this reason, the 

pathophysiology is not completely 

understood.  The only unifying factor 

between epilepsies is the “persistent increase 

in neuronal excitability”7.The increased 

excitability may be caused by alterations in 

individual neurons, especially in cell 

membranes; extracellular ionic 

concentrations; and neurotransmitters1. Each 

of these factors can, independently or in 

concert with one another, increase neuronal 

excitability and trigger seizures.  Moreover, 

roughly 40% of epilepsies have some sort of 

genetic background8. Currently a multi-

institutional study known as the Epilepsy 

Phenome/Genome Project aims to 

investigate the genetics that underlie 

epilepsy9. 
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Causes  

Adult epilepsy is markedly different from 

pediatric epilepsy.  An adult may have had 

early-onset epilepsy that initiated during 

childhood and persisted into adulthood, or 

the seizure disorder may have been caused 

by an antecedent event.  Antecedent events 

are neurological injuries that occurred before 

the onset of consistent seizure activity that 

pose a risk for the development of epilepsy10 

and can lead to hippocampal sclerosis11,12. 

There is also the possibility that the epilepsy 

is derived from a different underlying issue 

(i.e. brain tumor).   

 

Treatment 

Epilepsy treatment can be fickle.  The most 

common treatment is antiepileptic drugs 

(AEDs).  However, not all patients are 

responsive to AEDs, which are effective in 

only 60-70% of cases13.  Surgery may be 

recommended for patients with intractable, 

or unmanageable, epilepsy.  Epilepsy surgery 

aims to remove the epileptogenic zone, or the 

“area of cortex indispensible to the 

generation of clinical seizures,” while 

preserving the eloquent cortex, or the “cortex 

related reproducibly to a given function”14.  

Essentially, surgeons must remove the focus 

or foci of the seizure activity without causing 

other deficits.  Neuroimaging plays a major 

role in defining the epileptogenic zone and 

the eloquent cortex.   

 

NEUROIMAGING OF EPILEPSY 

Current neuroimaging research largely 

focuses on presurgical evaluations of 

epilepsy, since neurosurgery is inherently 

dangerous.  In epilepsy, the resectment of the 

epileptogenic zone may have certain 

ramifications such as impaired function.  For 

instance, if the focus of the seizures is located 

in and removed from the primary motor 

cortex, then motor function may be 

disrupted.  As such, neurologists have begun 

to employ neuroimaging techniques in order 

to map the patient’s individual brain in order 

to avoid removing areas of the cortex 

unnecessarily.  This cortical mapping helps 

the neurosurgeon locate the focus/foci and 

increases the patient’s post-operative 

prognosis.  While intracranial EEG data is 

often collected to localize the focus/foci, it 

does have drawbacks such as duration of 

hospitalization, cost, and some complications 

that result in fatality.15  Noninvasive imaging 

tools have been, and are continually being, 

developed to avoid the risks that are inherent 

to invasive procedures.  It should be noted 

that there is a subfield of neuroimaging 

dedicated to the collection and interpretation 

of pediatric imaging data.  Pediatric 

neuroimaging is significantly different from 

to adult neuroimaging, due to the difficulty of 

scanning a child and the challenges of 

interpreting data from developing brains.  

The radiological findings mentioned in this 

review will be focus on adult neuroimaging 

studies.  

 

Magnetic Resonance Imaging and 

functional Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) and 

functional MRI (fMRI) have established 

themselves in the field of neurology as the 

primary neuroimaging techniques16, and as 

such MRI and fMRI are becoming the norm in 

presurgical assessment of epilepsy. 

MRI technology is based on the principle 

that nuclei are perpetually spinning, or 
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precessing, around an axis.  Essentially, the 

MRI scanner produces a static magnetic field 

and aligns the continually spinning atomic 

nuclei.  Electromagnetic pulses are sent into 

the subject at different points in space and 

time in order to tilt the atomic nuclei (in this 

case, hydrogen).  The nuclei absorb the 

incoming energy and when the pulses end, 

they release the energy previously absorbed 

and realign with the magnetic field, a process 

known as relaxation.  Different images can be 

procured, depending on whether or not the 

relaxation being studied is in the longitudinal 

or transverse plane.  Ultimately, T1 images 

are based on information from longitudinal 

relaxation and result in clean structural 

images of the brain.  T2* images are based on 

data collected about transverse relaxation 

and are used to indirectly study neuronal 

activity17.  This can be achieved because 

deoxygenated hemoglobin’s paramagnetic 

properties cause a local inhomogeneity in the 

magnetic field.  This causes a dephasing, and 

thus a loss of the T2* signal and is known as 

the blood oxygenation-level dependent 

(BOLD) contrast, where the loss of the T2* 

signal yields a strong BOLD signal18.  When 

there is neuronal activity in the brain, 

neurons use nearby energy supplies short-

term until an influx of oxygenated 

hemoglobin arrives and causes a decrease in 

deoxygenated blood19.  Accordingly, T2*-

weighted images portray information based 

on the assumption that a decrease in 

deoxygenated hemoglobin is correlated with 

an increase in neuronal activity, and is thus 

the basis of fMRI.   

EEG data is presented quite differently 

from MRI/fMRI data.  EEG measurements are 

displayed as time-sensitive waveforms 

whereas MRI/fMRI data is displayed as 

images.  Though fMRI is time-sensitive, the 

temporal resolution in EEG is far better than 

fMRI.  Yet unlike EEG, MRI and fMRI have a 

much better spatial resolution, and are 

constructed into images that can display 

structural and functional abnormalities.   

Structural MRI’s have been effective in 

identifying abnormalities associated with 

epilepsy, especially focal epilepsy.  

Hippocampal sclerosis, neuronal cell death in 

the hippocampus, is a critical hallmark of 

some epilepsies20.  It is not known whether 

or not it causes or is itself caused by seizures; 

its presence, though, can be verified by 

structural MRI data21.  In addition to 

identifying hippocampal sclerosis, structural 

MRIs are used to identify foci and bands of 

subependymal nodular heterotopia and band 

heterotopias, respectively.  Heterotopia is 

characterized by neurons (gray matter) 

found in inappropriate regions of the brain as 

a result of abnormal developmental 

 

 

 



migration and is a subtype of cortical 

dysplasia that is frequently seen in epileptics.  

Most patients with cortical dysplasia will 

present with partial epilepsy at some point22.  

In addition, tumors can be a source of 

epilepsy and can be identified with MRI 

technology23. 

While MRIs detect structural 

abnormalities that can be the underlying 

cause of epilepsy, fMRI is usually used as a 

presurgical tool for mapping the eloquent 

cortex.   For example, localizing language 

areas is an important aspect of presurgical 

assessment so that precautions can be taken 

to prevent further language complications 

and aphasias.  Currently, neurologists may 

perform the intracarotid amorbarbital test, 

often known as the Wada test, to determine 

which cerebral hemisphere a patient’s 

language functioning is lateralized to.  The 

Wada test essentially puts one cerebral 

hemisphere “to sleep” and gives language 

tasks to the “awake” hemisphere24. Ideally, 

fMRI would be a great alternative to the 

Wada test, but because they are 

fundamentally different tests, they 

complement each other rather than replace 

one another.  If the Wada tests shows that the 

patient’s language cortex is on the same side 

as the origin of the seizures, then fMRI may 

be used to further map and identify the 

eloquent cortex.  fMRI has also been used to 

predict the outcome of language function 

after epilepsy surgery25.  Epilepsy and 

memory processing overlap, as well; this is 

especially true with patients with TLE and 

those whose epilepsy is derived from a 

tumor or stroke in the medial temporal 

cortex.  Though memory includes more 

bilateral processing, Wada tests can be used 

to identify which hemisphere is more 

dominant for memory processing.  Presently, 

fMRI has been used to study the 

lateralization of memory function for 

presurgical patients26-28 and the postsurgical 

effects on memory function29,30. Again, fMRI 

can be complementary to Wada tests and 

used for more extensive brain mapping 

before surgery.   

fMRI has also been used to study 

noncognitive factors such as postoperative 

outcomes of seizure activity31. 

 

Magnetoencephalography 

Magnetoencephalography (MEG) is a 

measurement of magnetic fields produced by 

the intracellular postsynaptic electrical 

activity of a large group of neurons, and has 

been used in the study of epilepsy. MEG 

source localization is based on dipole 

localization.  A dipole is an idealized source 

of activity and can be oriented in one of two 

ways: either radial (parallel) or tangential 

(perpendicular).  Radial dipoles usually 

originate from gyri, whereas tangential 

dipoles usually originate from sulci. In 

theory, there is no magnetic field over the 

skull when the dipole is oriented radially. 

Thus, MEG signals are received from 

tangential dipoles and since sulci are 

oriented tangentially to the MEG scanner, 

most MEG signals originate from sulci.  

Furthermore the dipole at the center of a 

sphere, in this case the head, is radial.  

Therefore, MEG cannot receive signals from 

the center of the head.  Yet MEG does have 

some major advantages over EEG.  For 

instance, unlike EEG, magnetic waves are not 

disturbed when passing the skull. Thus MEG 

results are believed to be more accurate than 
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EEG.  Furthermore, since MEG only records 

from tangential dipoles, there is less 

interference with radial-oriented signals 

making the results cleaner than EEG (which 

can detect signals from both radially and 

tangentially oriented dipoles) data. Often, 

EEG data will be collected along with MEG 

data since “EEG sees more, but MEG sees 

more clearly”32.  Furthermore, MEG results 

are sometimes overlaid onto a structural T1 

MRI image.  This is known as electromagnetic 

source imaging or magnetic source imaging, 

and it provides a better picture of the MEG 

data.  

Studies have demonstrated that MEG 

(sometimes in concert with EEG) is 

particularly helpful in localizing IEDs33. 

Localizing the source of the IEDs helps 

neurosurgeons better identify epileptogenic 

zone.  Furthermore, MEG/EEG localization 

corresponds very well to intracranial EEG34.  

This essentially means that MEG/EEG 

combinations may perhaps be used to 

replace intracranial EEG, a much more 

dangerous and time consuming procedure. 

However, there is a glaring disadvantage 

associated with MEG (and combined EEG) 

recordings in epilepsy patients.  MEG is an 

extremely expensive piece of equipment; 

between the shielded room and the SQUIDs 

(Superconducting Quantum Interference 

Device), the entire operation can amount to 

roughly three million dollars32.Therefore, few 

institutions have them.  EEG and intracranial 

EEG on the other hand are much more 

common and can be performed at most 

hospitals.  Thus, simply getting access to MEG 

machinery is a major hurdle.    Hopefully, 

with increased funding and resource 

allocation, more MEG technology will become 

available and fewer intracranial EEGs will 

need to be performed.  

 

Diffusion Tensor Imaging 

Though it is a rather new method, diffusion 

tensor imaging (DTI) has demonstrated that 

it may play a critical role in epilepsy 

research.  DTI is a magnetic resonance 

imaging method based on the fact that at 

temperatures above absolute zero, water 

molecules move randomly in space over 

time, a property known as diffusion.  The 

purpose of DTI is to identify systematic 

differences in water molecule diffusion 

across white and gray matter. The 

myelinated axons that constitute white 

matter have a high fat content, across which 

water does not diffuse. As a result, white 

matter water molecules tend to diffuse in an 

anisotropic fashion, along the myelinated 

axons.  Diffusion-weighted images show the 

diffusivity (amplitude) and functional 

anisotropy (FA) (direction) of diffusion 

within the sample.  Essentially, DTI is the 

measurement of water diffusion in a single 

voxel, broken down into directional 

components.    

In anisotropic diffusion, molecules favor 

moving down a specific axis.  The shape 

formed is a three dimensional ellipse and is 

described as a tensor.  The long axis of the 

ellipse, or eigenvector, is the preferred tract 

that water diffuses.  Scientists can connect 

the long axes of the tensors and effectively 

trace nerve fibers from one area to another.  

Images of these nerve fiber tracts can be 

color coded for directionality35-37. This 

technique is called tractography and allows 

researchers to investigate how certain brain 

regions are structurally connected.   
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that diffusivity seems to be more sensitive than FA 

measurements in the study of epilepsy.  Moreover 

DTI results of TLE patients have shown that there 

are anisotropic differences even in areas outside the 

temporal lobes44.  This data may be critical for 

understanding the global spreading network of that 

seizure.  Furthermore, DTI has been shown to 

effectively localize seizure foci, making it an 

important tool in presurgical evaluations16 .  

 

Clarifying Cognitive and Behavioral Disruption  

The struggles of living with epilepsy are not 

constrained to the seizures themselves.  Often it is 

the associated behavioral and cognitive difficulties 

that plague epileptics.  fMRI/MRI, MEG, and DTI 

In the assessment of epilepsy, DTI is becoming 

an increasingly important tool.  Overall, research 

has shown that there seems to be a decrease in FA 

corresponding with an increase in diffusivity.  The 

hemispheric lateralization is such that there seems 

to be an increased diffusivity and decreased FA in 

the epileptic temporal lobe and a decreased 

diffusivity in the contralateral temporal lobe38.  

Moreover, it seems that diffusivity during ictal 

events decreases whereas during status epileptus it 

increases39-42.  This correlation may be due to 

cellular expansion into the extracellular space, 

which likely does not change the structure of the 

fiber.  Interestingly, abnormalities on MRI scans 

corresponded to increased diffusivity43, suggesting 
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have all been used in the presurgical 

evaluation of epilepsy, but are utilized less 

frequently to study the correlated cognitive 

dysfunction.   

Perhaps one of the most fascinating and 

popular cognitive processes to study is 

memory.  Memory deficits are often observed 

in epileptic patients, especially those with 

medial temporal lobe dysfunction including 

hippocampal sclerosis.  This deficit arises 

because the medial temporal lobe is critical 

for the healthy encoding of episodic and 

semantic memory45-51.  Studying interictal 

memory performances may help researchers 

understand epilepsy and the reason why 

memory is impaired. fMRI will play an 

important role in these types of memory 

investigations and in fact, research has 

already begun:  Janszky et al. found 

asymmetrical lateralization in memory 

function, with the larger activation on the 

side contralateral to the epileptic focus.  

However, these findings have only been 

confirmed in TLE, not in extratemporal 

epilepsy52. The brain could be recruiting 

more contralateral regions to compensate for 

the pathology-ridden medial temporal lobe.  

Conceivably, future studies could 

characterize memory lateralization of other 

types of epilepsies.  After extensive empirical 

testing and solid data, it may eventually 

become part of diagnostic criteria.  fMRI 

could also be used to study the long-term 

consolidation deficits seen in epileptic 

patients who perform normally on short-

term memory tasks53,54.  A longitudinal study 

incorporating fMRI and volumetric MRI could 

assess the correlation between epilepsy-

based medial temporal lobe pathology and 

long-term consolidation deficits.   

While fMRI is a powerful tool in the 

investigation of memory function, MEG may 

be utilized as well.  In the case of epilepsy, 

MEG’s excellent temporal resolution could be 

exploited in order to understand amnesia of 

certain events.  It is thought that during an 

ictal event (seizure and/or aura), 

epileptiform discharges spread from the 

pathological temporal lobe to the 

contralateral temporal lobe, resulting in 

bilateral temporal dysfunction and amnesia 

of the event55.  MEG studies may provide the 

necessary data that would support or oppose 

this theory.   

DTI may also be implicated in the study of 

memory function of epileptics.  White matter 

tractography could be subscribed to a 

bilateral medial temporal lobe region of 

interest, providing a better clue as to what 

routes the epileptiform discharges take to 

travel from one hemisphere to the other.  

Similarly, FA and diffusivity measurements in 

addition to tractography could be used with 

all types of epilepsies to look at the white 

matter integrity of regions critical to memory 

formation and retrieval.  

Language function is often abnormal in 

epileptic patients as well.  However, much of 

the future research that may come out of 

studying language in epileptics will probably 

be geared towards neural plasticity in 

language areas.  These studies could be done 

in early-onset epilepsy patients since fMRI 

has demonstrated that language function 

shifts to the right hemisphere in childhood 

epilepsy56.  Thus, fMRI and DTI will continue 

to be used in adult epilepsy as a means of 

mapping the eloquent cortex and avoiding 

post-surgical complications.  
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Epilepsy and Comorbid Disorders 

The disorder most comorbid with epilepsy is 

depression, affecting 30-70% of all TLE 

patients57,58.  Depression has been found to 

affect some of the same limbic structures that 

epilepsy does, namely the hippocampus59 

and amygdala60, although hippocampal 

sclerosis does not seem to be an accurate 

predictive measure of major depression in 

both epileptics and non-epileptics61,62.  

MRI/fMRI studies have shown that an 

increased risk for major depression in TLE 

patients includes a long-lasting seizure 

history and the lack of an antecedent event62. 

fMRI and MRI studies may continue to 

elaborate on the neural correlates underlying 

depression, which could be connected to 

epilepsy.  Furthermore, it has been suggested 

that depression is associated with a 

bidirectionality between neurological 

disorders63. One study showed that patients 

with adult-onset epilepsy were six times 

more likely to have had a history of 

depression64.  On the other hand, epileptic 

patients who have no history of antecedent 

events may feel more depressed and upset 

that they do not know what is causing their 

symptoms62. Future MRI, fMRI, and 

MEG(/EEG) studies may further examine the 

bidirectionality of epilepsy and depression.  

At this time, DTI has not been used to study 

the correlation between depression and 

epilepsy, but there certainly is interesting 

data to be uncovered, and an opportunity for 

further research.    

There are several other disorders 

comorbid with epilepsy. Research has shown 

that migraines and epilepsy are highly 

correlated65,66, and there is an increased risk 

of migraines if the epilepsy is brought on by a 

traumatic brain injury67.  The underlying 

relationship between the two disorders is 

unclear, and few if any neuroimaging studies 

have attempted to study their interaction.  

MRI, fMRI, and DTI seem as if they would 

lend themselves well to these studies and 

future research may be directed to this area.   

Finally, sleep disorders also appear in 

adult epilepsy.  For example, there is 

comorbidity between obstructive sleep 

apnea (OSA) and epilepsy that is not 

responsive to AEDs68. Imaging results have 

shown that OSA is linked to an atrophied 

hippocampus; decreased activation of the 

dorsolateral prefrontal cortex, or an overall 

increased activation of the frontal lobe, 

cingulate, thalamus, and temporoparietal 

junction; and white matter injury (especially 

in frontal lobes)69.  Again, MRI, fMRI, and DTI 

could be further employed to study the 

relationship between these neuroimaging 

results and the imaging data from epileptics 

who also suffer from OSA.   

 

Auras 

One area of fascination where neuroimaging 

may be further utilized is in the study of 

auras, lack of auras, and/or amnesia of auras 

associated with partial epilepsy, namely 

medial TLE.  One EEG/video monitor study 

found that the lack of auras corresponds to 

bilateral dysfunction of the MTL, which in 

turn corresponds to a poorer prognosis as 

compared with those people who experience 

auras.  The authors further hypothesize that 

if there are no visual signs of bitemporal 

pathology, then there are no interictal 

episodic memory deficits.  Rather, there may 

be amnesia of aura or a failure to experience 

an aura70.  fMRI studies of auras would be 

 



researchers to visibly assess structural 

correlates via MRI and DTI, and its functional 

changes via fMRI and MEG.  Though 

neuroimaging has become increasingly 

important for presurgical assessment and 

clinical research, it is not without faults.  First 

and foremost, they are expensive tools.  

Second, each of these modalities requires 

that the patient lie very still throughout the 

procedure.  Third, patients must be 

compatible with the MRI and MEG scanners.  

This requires that they not have anything 

magnetic or electrical in or on them at the 

time of the scan (i.e. pacemakers, shunts, 

bone/joint pins, etc).  However, the fact that 

these tools provide critical information 

noninvasively and without emitting any 

damaging radiation makes them more 

appealing than intracranial EEG.  

Furthermore, the clinical research being 

conducted with these tools promises to yield 

more knowledge about the underpinnings of 

epilepsy.  The more sophisticated MRI/fMRI, 

MEG, and DTI techniques become, the more 

they will continue to play a critical role in the 

diagnostics, presurgical evaluation and 

postsurgical prognosis, and understanding of 

epilepsy.  

 

 

 

 

fascinating to conduct, though there would 

be many hurdles to overcome.  One group 

conducted an fMRI study and used music to 

trigger auras in musicogenic epilepsy, which 

is characterized by reflexive epileptic 

seizures to musical stimuli71.  If the fMRI 

parameters can be worked out, and 

consistent triggers of auras are identified, 

then researchers can study the mechanism of 

auras in different types of epilepsies.  MEG 

and DTI may also be used to study auras.  

MEG could effectively show the timing it 

takes from the onset of the aura to the end of 

the seizure.  Furthermore, if fMRI 

demonstrates that the auras originate in an 

anatomically different part of the brain than 

the seizure focus, then perhaps tractography 

could be use to map the entire epileptic 

experience.    

 

CONCLUSION 

Epilepsy is a complicated syndrome: there 

are many causes, treatments, symptoms, 

syndromes, and comorbid disorders 

associated with it, all of which make it 

difficult to study.  Neuroimaging technology 

has made great strides in improving science’s 

understanding of epilepsy by allowing 
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